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Redox sensing by yeast Hsp70 facilitates modulation of protein quality
control and the cytoprotective response

Alec Morgan Santiago
Advisor: Kevin A. Morano, PhD

Neurodegenerative disease affects millions of Americans every year, through
diagnoses such as Alzheimer’s, Parkinson’s, and Huntington’s diseases. One factor
linked to formation of these aggregates is damage sustained to proteins by oxidative
stress. Cellular protein homeostasis (proteostasis) relies on the ubiquitous Hsp70
chaperone family. Hsp70 activity has been previously shown to be modulated by
modification of two key cysteines in the ATPase domain by oxidizing or thiolmodifying compounds. To investigate the biological consequences of cysteine
modification on the Hsp70 Ssa1 in budding yeast, I generated cysteine null (cysteine
to serine) and oxidomimetic (cysteine to aspartic acid) mutant variants of both C264
and C303 and demonstrate reduced ATP binding, hydrolysis and protein folding
properties in both the oxidomimetic as well as hydrogen peroxide-treated Ssa1. In
contrast, cysteine nullification rendered Ssa1 insensitive to oxidative inhibition. The
oxidomimetic ssa1-2CD (C264D, C303D) allele was unable to function as the sole
Ssa1 isoform in yeast cells and also exhibited negative effects on cell growth and

viii

viability. Ssa1 binds to and represses Hsf1, the major transcription factor controlling
the heat shock response, and the oxidomimetic Ssa1 failed to stably interact with
Hsf1, resulting in constitutive activation of the heat shock response. Consistent with
the in vitro findings, ssa1-2CD cells were compromised for de novo folding, poststress protein refolding and in regulated degradation of a model terminally misfolded
protein. Together these findings pinpoint Hsp70 as a key link between oxidative stress
and proteostasis, information critical to understanding cytoprotective systems that
prevent and manage cellular insults underlying complex disease states.
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Chapter I: Introduction

Note: Portions of this section were originally published in Experimental Cell
Research. Santiago A, Goncalves, D., Morano KA. Mechanisms of sensing and
response to proteotoxic stress. Exp Cell Research. 2020 Oct 15:395:2.
https://doi.org/10.1016/j.yexcr.2020.112240 Elsevier does not require permission to
use published materials in one’s dissertation:
https://www.elsevier.com/about/policies/copyright/permissions.

1

Cellular chaperones and protein homeostasis

Protein molecular chaperones assist in the homeostasis of a functional
proteome within living cells. This involves ensuring that proteins form and maintain
their proper functional conformations, the assembly and disassembly of protein
complexes, management of damaged/non-functional proteins, and the transport and
localization of proteins within the cell. Imbalances in protein homeostasis can result
in chronic accumulation of non-operative and/or aggregated proteins, often correlated
with downstream events that lead to adverse neurological states such as Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease

1–3.

Such disruptions can

occur from a broad set of injuries including both excess heat or sub-optimal growth
temperatures, metabolic dysfunction, and the introduction of heavy metals.
In several eukaryote models, including the yeast model Saccharomyces
cerevisiae, a key group of chaperones that modulate many of these functions are the
cytosolic Hsp70 chaperone proteins. Hsp70s are responsible for general protein
homeostasis in the cell, working in the cytoplasm, nucleus, the mitochondria, and the
endoplasmic reticulum (ER) to promote the general functionality of proteins through
nearly every compartment of the cell. Hsp70s are involved in several roles that are
directly tied to protein homeostasis, operating through all stages of a protein life cycle.
Hsp70s interact with substrate by recognizing and binding to hydrophobic regions
within proteins and polypeptides that are flanked by charged residues, continually
binding and releasing the substrate so long as the hydrophobic/charged motif is
present on the cytoplasmic-facing exterior of the conformation 4. Hsp70s recognize a

2

seven residue peptide sequence, with a wide spread of variation in those seven
residues 5. Within the substrate binding pocket, the central site of binding is referred
to as the 0th site, with several subsites on either side (-3, -2, -1, +1, +2, +3) that have
the potential for many interactions, but favor positively charged aliphatic residues 6.
In DnaK, an E. coli Hsp70, a model called the NR peptide (sequence: NRLLLTG) was
initially used to determine the first atomic level description of substrate binding (Figure
1-1) 7. Since then, there has been a progression of predictive algorithms that can
interpret and model potential Hsp70 binding sites. BiPPred is a prediction software
that is able to predict peptides that are recognized by the ER-localized human Hsp70
BiP, as well as calculate the binding affinity 8. LIMBO is another predictive algorithm,
which uses scalable clustering of categorical data, which our lab has used to
determine potential Hsp70 binding sites within the transcriptional regulator Hsf1

9,10.

Through this binding, Hsp70s protect nascent polypeptides as they exit the ribosome
and along the endoplasmic reticulum, shielding them from damage by incorrect
folding conformations and by environmental injury, and the assistance with proper
conformational folding of said nascent polypeptides

11.

They also recognize these

same binding motifs within cytosolic proteins that have sustained injury and are thus
incorrectly folded. Additionally, Hsp70 proteins assist in the degradation of chronically
misfolded proteins, through interactions with the ubiquitination system

12.

Hsp70

proteins are highly conserved. Throughout all domains of life and all cellular
compartments,

the structure

is defined

by an amino-terminal nucleotide

binding/ATPase domain (NBD) and a carboxyl-terminal substrate binding domain
(SBD), connected by a short linker 6.

3

Figure 1-1: Structure of the E. coli Hsp70 (DnaK) chaperone

4

Figure 1-1: Structure of the E. coli Hsp70 (DnaK) chaperone (A) Cartoon
representation of the NMR structure of DnaK/ADP showing the N-terminal ATPase
domain (NBD) and the C-terminal substrate binding domain which consists of a βsandwich subdomain and an α-helical lid (PDB ID: 2KHO). (B) An enlarged view of
the substrate binding cleft showing key hydrophobic residues Ile 401, Val 436 and Ile
438 of DnaK as green sticks forming contacts with the substrate residue that occupies
the central binding position (cyan sticks) (PDB ID: 1DKZ). The remainder of the
peptide substrate is shown in red. (C) Space filling structure of the substrate binding
domain (SBD) with a closed conformation of the helical lid, illustrating the pore that
the substrate (red) threads through. (D) The crystal structure of DnaK/ATP in the
absence of substrate, showing that upon ATP hydrolysis the α-helical lid becomes
docked on the β-sandwich domain concomitant with the undocking of NBD and SBD
(PDB ID: 4B9Q). Note: This figure was adapted with permission through a Creative
Commons Attribution from: Ashok Sekhar, Algirdas Velyvis, Guy Zoltsman, Rina
Rosenzweig, Guillaume Bouvignies, Lewis E Kay (2018) Conserved conformational
selection mechanism of Hsp70 chaperone-substrate interactions eLife 7:e32764

5

The SBD contains two subdomains: the first is composed of a -sheet
formation with a hydrophobic pocket (SBD-) that recognizes a motif of hydrophobic
regions within the protein substrates. The second subdomain (SBD-) is composed
of three -helices that act as a ‘lid’, opening and closing over the SBD-, generating
high-affinity binding and reduced substrate release when closed

13.

The nucleotide

binding domain is composed of four rotating lobes that form a nucleotide-binding
pocket 14. The two domains communicate through allosteric interactions, creating two
conformations for Hsp70, an ‘open’ and a ‘closed’ state 15. In the open state, the lobes
of the NBD rotate due to a conformation change induced by the binding of ATP. This
rotation opens a pocket that the linker is then retracted into, bringing the NBD and
the SBD closer together 16. This proximity allows for the interaction between the SBD and the NBD, maintaining the upward position of the lid away from the substrate
binding pocket of the SBD-, and allowing protein substrate to dock at the substrate
binding site. This shift in conformation is cyclic, going from one to the other in
successive iterations with assistance from other highly conserved co-chaperones
(Hsp40, which assists in Hsp70/substrate contact; and Hsp110, which assists in
nucleotide exchange, as described in detail below) in a process termed chaperone
cycling (Figure 1-2) 17,18. This iterative process cycles through the ‘open’ and ‘closed’
conformations, binding unfolded substrate to protect it from aggregation, then
releasing it to allow for productive folding, but rebinding if productive folding does not
occur and the hydrophobic regions are still exposed (Figure 1-3) 19.

6

A.

NBD

1

SBDα

382

393

SBDβ

501

linker

B.

Figure 1-2: Hsp40 and Hsp110 stimulate the hydrolysis and exchange of
nucleotide by Hsp70

7

642

Figure 1-2: Hsp40 and Hsp110 stimulate the hydrolysis and exchange of
nucleotide by Hsp70
(A) The domain structure of Ssa1. (B) The binding of protein substrate (ribbon) to
Hsp40 (maroon) is subsequently delivered to Hsp70 (purple) in the open
conformation, stimulating the hydrolysis of a bound ATP and a shift into the closed
conformation by Hsp70. Hsp110 (red) assists in the release of the ADP molecule,
enabling a re-binding of ATP, shifting Hsp70 into the open conformation and
continuation of the cycle.

Figure 1-3: Ssa has several roles in protein homeostasis
The protein chaperone Ssa1 maintains protein homeostasis through several
functions, including the folding of nascent polypeptides, the refolding of damaged
proteins, the assisted degradation of chronically misfolded proteins, and the
regulation of stress responses.

9

Hsp70 proteins also assist in the degradation process for chronically misfolded
proteins, through the ubiquitin-proteasome system. In this process, ubiquitin is
activated by an E1 enzyme, and conjugated together by an E2 enzyme. E3 enzymes
then ligate the ubiquitin to the substrate, tagging it for degradation by the proteasome
machinery 20–22. Ssa1 is involved in the degradation of both chronically misfolded and
short-lived proteins through several processes: recognizing and binding the misfolded
substrate as noted earlier, maintaining solubility, and escorting and delivering that
substrate to the E1 enzyme 23,24. The cochaperones Ydj1 and Fes1 were found to be
necessary for Ssa1-mediated cytosolic degradation of proteins, as were the ubiquitin
conjugating enzymes Ubc4p and Ubc5p

23,25.

However, the E3 enzyme San1 was

shown to be able to recognize and ligate ubiquitin to particular substrates without the
presence of Ssa1 in the cell 26.
Hsp70 and Hsp40 assist in balancing the rate of intrinsic nucleotide hydrolysis
and the binding/release of substrate by Hsp70. Direct interaction between the
substrate and the SBD, along with additional stimulation by Hsp40, preempts a
conformational cascade that results in ATP hydrolysis within the NBD

27.

Nucleotide

cycling (as defined as the binding, hydrolysis and release of ATP) activity then shifts
affinity of the substrate binding domain for the interacting substrates, and also
changes the iterative Hsp70 release/binding mechanism that stimulates the folding of
proteins (Figure 1-2)

28.

Ydj1 and Sis1 are two types of Hsp40 within the yeast cytosol, and belong to
the class of chaperones referred to as J-proteins. Named for the first Hsp40 protein
discovered in bacteria, DnaJ, Ydj1 is a homologue of the human Hsp40 DNAJB1

10

29.

J-proteins are categorized into two groups, one of which contains a zinc finger region
within the carboxyl-terminal domain I. The J-proteins have several highly conserved
regions, including a J-domain, carboxyl-terminal domain I and II, a glycinephenylalanine-rich (G/F) domain, and a dimerization domain 30. The J-proteins assist
Hsp70 in three ways: the recognition and transfer of substrate to Hsp70, the inducing
of conformational change within Hsp70 that stimulates the hydrolysis of ATP, and the
localization within cellular compartments, which recruits Hsp70 to those locations

31.

The J-domain facilitates the interaction between Hsp40 and Hsp70, through the
conserved histidine-proline-aspartic acid (HPD) region, which directly induces an
increased capacity for hydrolysis of ATP by Hsp70

30.

Ydj1 also assists Hsp70 in the

protection of nascent polypeptides as they form their final conformations32.
Hsp110s function as nucleotide exchange factors due to their ability to
increase the rate of ADP dissociation from an Hsp70 molecule after hydrolysis

33–35.

This release continues to drive the iterative cycling of conformational shift between
‘open’ and ‘closed’ states of Hsp70. Hsp110s are distant members of the Hsp70
family, possessing similar domain architecture, save for unstructured additional
sequence extensions in the substrate binding domain and at the carboxyl-terminus
15.

Of interest, our lab recently showed that this extended carboxyl-terminus

possesses a previously unknown substrate binding capacity that was able to
suppress aggregate formation

36.

Hsp110s interact with lobes I and II of the Hsp70

protein, as well as the -helical ‘lid’ domain, which stabilizes the interaction

33.

Sse1

is a member of the Hsp110 family, which act as co-chaperones to both Hsp70 and
Hsp90

37.

The nucleotide exchange factor Sse1 is the major cytosolic Hsp110, and
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assists directly in the removal of ADP from the nucleotide-binding domain of Ssa1.
Although the homologue Sse2 is present as well, deletion of SSE2 has no resultant
phenotype, while deletion of SSE1 results in temperature sensitivity, and a synthetic
lethality when combined with a deletion of YDJ1

34.

However, deletion of both SSE1

and SSE2 is lethal 38,39.
The budding yeast Saccharomyces cerevisiae has served as a tractable
genetic model to study chaperones for decades, as there is a high degree of similarity
between the chaperone components and regulation between that of budding yeast
and the higher eukaryote counterparts. Within human cells, flies, nematodes, and
mice, there exist homologous counterparts of the Hsp70s, the Hsp110s, the Hsp40s,
as well as several other major protein chaperones (Table 1-1) 40–42. Hsp70s were first
discovered as a clathrin-uncoating protein, using power derived from ATP hydrolysis
to disassemble the protein complex 43. We now know how ubiquitous and crucial the
proper function of Hsp70 proteins is for survival. S. cerevisiae expresses four Hsp70s
in the cytosol, of which Ssa1 (human homolog HSPA1A) is the most prominent,
constitutively

expressed

homolog.

Yeast

additionally

possesses

another

constitutively expressed homolog (Ssa2), and two stress-induced homologs (Ssa3/4),
whose expression is maintained at relatively low levels until environmental stress
signals are detected

44.

sufficient to sustain life

However, presence of any one of the four Ssa isoforms is
41,45.

Additionally, several Hsp70 members are restricted to

subcellular localizations, such as Ssz1 and Kar2 in the ER (Table 1-1). Ssb1/2,
though close in structure and homology to Ssa1/2, are bound to the ribosome and
specialize in the protecting and folding of nascent polypeptides

12

46–48.

One clear

distinction between the Ssb’s and Ssa’s is the increased expression of the Ssa family
and decreased expression of the Ssb family during cytotoxic stress imbalance, likely
due to the wider specialization of the former to combat stressors and the decreased
ribosomal activity resulting from stress making the Ssb proteins less useful to prevent
injury 48. In humans, there are more than 12 representatives of the Hsp70 family, with
identical domain architecture, and similar sequences and functionality

49.

Similar to

yeast Hsp70s, the human homologs also work to monitor protein folding, aggregate
recovery, assembly of multi-protein complexes, and transport of protein components
throughout the cell

50.

Hsp70 research in yeast has been instrumental for informing

the biology of chaperones in human cells.

Table 1-1: Molecular Chaperone Homologs in Yeast and Humans
Chaperone

Human

Yeast

Localization

Hsp70

Hsc70/Hsp70

Ssa1,2,3,4

Cytosolic

Ssb1,2

Ribosomal

BiP/Grp78

Kar2

ER

Hsp70L1

Ssz1

Ribosomal

Apg-1/2

Sse1,2

Cytosolic

Hsp110

Cytosolic

Hsp105
Hsp40

HSF

Hdj2/DNAJ1A

Ydj1

Cytosolic

Hdj1/DnaJB1

Sis1

Cytosolic

Hsf1,2,3,4

Hsf1

Cytosolic/nuclear

13

Note: Table 1-1 adapted with permission from: Yakubu, Unekwu. (2021). Deciphering
the role of Hsp110 chaperones in diseases of protein misfolding. Doctoral
dissertation: The University of Texas MD Anderson Cancer Center UTHealth
Graduate School of Biomedical Sciences.

The expression of the chaperone network is modular, and often tuned to the
presence of stressors or non-functional protein aggregates
challenging environment, the production of

51.

When exposed to a

chaperone system components is

ramped up, an example of which is Ssa3 and Ssa4, mentioned above. Cells in log
phase generally express Ssa1/2 at >150,000 molecules/cell, while Ssa3/4 are
expressed at <20,000 molecules/cell, but during the heat shock response, Ssa3/4
concentrations can increase more than 10-fold

52,53.

The stress responses are also

checked and attenuated by several measures, such as a much different half life in
stress-activated Hsp70 proteins. Specifically, the half-lives are as follows: 20.2 hours
for Ssa1, 14.9 for Ssa2, 11.0 for Ssa3, and more than 100 for Ssa4

54.

This

attenuation allows the stress response to be terminated once the indications of stress
have been resolved, and relieve the cell of an over-abundance of chaperone, which
has the propensity to be detractive for cellular growth, which is thought to be in part
due to the competition for co-factors, as toxicity of Ssa1 overexpression has been
relieved by simultaneous overexpression of Sse1

55.

The yeast stress response also involves the function of two additional protein
families, the small heat shock proteins (sHSPs) and the disaggregases. Within yeast,
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the cytosolic protein disaggregase is called Hsp104, and it is a member of the Hsp100
chaperone family and the AAA+ ATPase superfamily 56. Hsp104 is a homohexameric
structure, with each subunit containing an amino-terminal domain, a nucleotide
binding domain, a middle domain, a carboxyl-terminal nucleotide binding domain, and
a carboxyl-terminal domain 57. The disaggregase Hsp104 works by generating motive
force through the hydrolysis of ATP, using the force of motion to solubilize aggregates
by translocating individual polypeptide components through its central pore

56,58,59.

Hsp104 then passes the polypeptide to Hsp70 for proper refolding. In humans, there
is no direct homolog for Hsp104, however several AAA+ ATPase family members
have been implicated in the response to protein aggregation, such as RuvbL1 and
RuvbL2 60.
Small heat shock proteins constitute the broadest and most diverse family of
molecular chaperones present in all kingdoms of life

61.

With affinity for early-

misfolded proteins, sHSPs play significant roles in the maintenance of cell
proteostasis under stress conditions as the first line of chaperone defense
sHSPs are present in the cytosol and the nucleus of eukaryotic cells

64.

62,63.

sHSPs are

structurally characterized by their low molecular weight (12-43 kDa) and presence of
an α-crystalline domain (ACD)

65.

The ACD is composed of a β-sandwich structure

with seven to eight antiparallel β-sheets, flanked by disordered N- and C- terminal
extensions

66.

sHSPs act by sequestering misfolded proteins and forming large,

soluble assemblies, often prior to refolding by ATP-dependent chaperone complexes.
The mechanism involves the interaction of the sHSPs with intermediately folded
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proteins through surface exposed hydrophobic residues, stabilizing the substrate and
preventing further misfolding and/or aggregation

67,68.

sHSPs can form dimers and oligomers bound by weak interactions that give
shape and adaptability to these assemblies 69. In addition to oligomers, some sHSPs
can form heterocomplexes (e.g., the human HspB4/HspB5), an uncommon feature
that is speculated to give evolutionary diversity of function for sHSPs. S. cerevisiae
expresses two sHSPs (Hsp42 and Hsp26) that do not form mixed assemblies and
therefore fulfill different functions in the proteostasis network

70,71.

Although sHSPs

are expressed at low concentrations under normal growth conditions, under stress
conditions, sHSPs are strongly upregulated through stress-responsive transcription
factors.

Sensing and response to proteotoxic stress in the cytoplasm

The subject of how elevated temperature that challenges folding of nascent
protein chains emerging from the ribosomal exit tunnel is sensed by cells and how
that signal is transduced into a response has been an ongoing area of research for
some time. This “heat shock response” (HSR) in yeast and other organisms’ scales
with the severity of temperature exposure. Shift to elevated temperature (37°C–42°C
for yeast) sustains the transcriptional response for an extended time, changing
expression of over 3,000 genes 72,73. The transcription factor HSF1 (Hsf1 in yeast) is
generally recognized as the master regulator of the HSR in eukaryotes. Hsf1 is
recruited to promoters of genes comprising the HSR regulon by binding at genome
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sequences termed heat shock elements (HSEs) (reviewed in Morano et. al (2012) 74).
Pincus and collaborators recently mapped genome binding sites for Hsf1 in yeast,
determining a total of 74 sites, 69 of which are bound under heat shock (HS). In nonstress conditions, Hsf1 basally binds 43 loci, but under stress, Hsf1 cooperates with
chromatin remodeling complexes to reveal HSEs occluded by nucleosomes

75.

The

relatively small number of binding sites directly bound by Hsf1 determined in this
recent study, compared to the larger number of genes generally affected by general
heat shock, may be due to separate downstream factors initiated by Hsf1, but
individually distributing and amplifying the HSR activation signal into branching
pathways. Additionally, other transcription factors in yeast are responsible for
increases in expression of a significant number of stress-induced genes, such as
Yap1 responding to oxidative stress and Msn2/4 as a general stress responder

74.

The structure of Hsf1 itself is dynamic and thermosensitive. Hsf1 is composed of
several conserved structural elements, consisting of a DNA-binding domain, a leucine
zipper motif domain required for trimerization, a serine-rich regulatory domain, and
transcriptional activation domains at both the N- and C-termini. At elevated
temperature, the regulatory domain unfolds while the trimerization domain zips
together

76.

To attenuate the HSR signal, re-monomerization is managed by the

entropic pulling action of chaperone cofactors 77. Variability in Hsf1 potency, and thus
the extent of activation of its downstream targets, is linked to the level of
phosphorylation. While not necessary for basal activation, increasing levels of
phosphorylation act in a non-specific manner to positively tune the intensity or “gain”
of HSR activation by Hsf1

78.

Fluctuation in the degree of Hsf1 phosphorylation was
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recently shown not to be uniform cell-to-cell but instead provides plasticity in the HSR
that appears to be beneficial at the population level. In a micro-Darwinian scenario,
each cell’s response varies and provides Hsp90-mediated adaptability that increases
the likelihood of survival

79.

Several other mechanisms of Hsf1 post-translational

modifications that impact activation, duration, and magnitude of the HSR also exist in
eukaryotes, including acetylation and sumoylation

80,81.

Interaction between Hsf1 and select protein chaperones was long thought to
be a key tenet of HSR regulation, although compelling data to bolster this model were
a long time coming

82.

Decreased Hsf1 activity results in a significant decrease in

expression of key chaperones, including Hsp70 and Hsp90, resulting in global
cytotoxicity associated with protein aggregation

83.

The relationship between Hsp70

and Hsf1 has been thoroughly examined of late, as Hsp70 emerges to play a key role
as a stress sensor for Hsf1. Hsp70 recognizes hydrophobic patches in polypeptides,
which are typically only exposed in intrinsically disordered proteins or when a protein
has been misfolded or damaged. Hsp70 was only recently found to specifically
recognize both the previously defined transcriptional regulatory CE2 (conserved
element 2) site in the Hsf1 C-terminal transcriptional activation domain and a newly
identified site within the N-terminal activation domain, dually suppressing Hsf1’s
ability to activate gene expression and thus the HSR

10,51.

Under heat shock

conditions, newly synthesized proteins are highly susceptible to damage by
misfolding; indeed, misfolded proteins were demonstrated to titrate cytosolic/nuclear
Hsp70 (Ssa1 in yeast) from Hsf1, thereby activating the HSR (Figure 1-4) 78.

18

Figure 1-4: Activation and attenuation of the HSR is modulated by Hsp70
Hsp70 binds and represses activation of the heat shock response by binding to
several regions within Hsf1. Upon titration away by misfolded protein substrate,
Hsp70 releases Hsf1, activating the heat shock response. Upon resolution of
misfolded proteins, Hsp70 returns to the Hsf1 binding regions and attenuates the
stress response.

19

Hsp70 was shown to decrease association with Hsf1 by 77% under elevated
temperature, and by nearly 100% when exposed to the proline analog compound
azetidine 2-carboxylic acid (AZC)

84.

It thus appears that the prominent protein

chaperone Hsp70 plays a direct feedback inhibitory role in its own production as well
as governing a significant percentage of the stress- induction of the proteostasis
network. As an added layer of regulation, Hsp70 is subject to several types of posttranslational modifications that alter its activity and thereby affect control of the HSR
through Hsf1. AMPylation, found in other eukaryotes but not yeast, was introduced
into S. cerevisiae and shown to induce a strong cytoplasmic Hsf1-mediated HSR,
similar to outcomes observed in humans and worms

85.

AMPylation was shown to

reduce the ATPase functionality of cytoplasmic Hsp70 and resulted in an interesting
and unexplained scenario where an increase in aggregation of α-synuclein and Aβ
was documented, but without the usually associated cytotoxicity

86.

Deacetylation of

four lysine residues within Hsp70 was also shown to occur under heat shock
conditions, altering the interactome of Hsp70, activating Hsf1, and enhancing cellular
thermotolerance

87.

In human HeLa cells, Hsp70 was shown to be glutathionylated

on multiple cysteines, perturbing a key structural domain and resulting in diminished
contact with the substrate 88. Our lab and others have previously shown that alkylation
or genetic oxidomimetic substitution of key conserved cysteine residues within Hsp70
activates Hsf1 89,90. In addition to the direct effects these modifications may have on
Hsp70-dependent biology, a secondary effect on the Hsp70-Hsf1 regulatory circuit
provides yet another layer of HSR control.
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Recent advances have been made understanding HSR regulatory pathways
outside of the canonical chaperone mechanism. As a crucial component of the
translation process, tRNAs are a key factor in protein biogenesis. tRNA supply can
be modified both pre- and post- synthesis to selectively manage the synthesis of
specific proteins. Stress response genes are enriched in codons for rare tRNAs,
meaning that under basal conditions, the production of proteins encoded by these
genes is limited. Through an unknown sensing mechanism, cells increase the
abundance of these rare tRNAs under stress conditions, allowing for increased
synthesis of rare tRNA-containing genes

91.

Existing tRNAs can also be modified,

such as by thiolation. Cells deficient in a tRNA-thiolation pathway showed a
constitutively activated HSR, while HS in a wild type cell showed decreased levels of
thiolated tRNA compared to basal levels

92.

This relationship may confer stress

protection by decreasing translation, as tRNA thiolation is a contributing factor in the
control of protein synthesis. Gene expression can also be modulated spatially by the
three-dimensional organization of chromatin, changing the accessibility of genes to
be bound by their co-factors. Heat shock protein genes were seen to coalesce into
foci under heat stress, forming closely apposed regions of high transcription activity
93.

Interestingly, the dynamic reorganization is transcription factor- selective, as genes

associated with Hsf1 coalesced and interacted under thermal stress, while
constitutively active genes and genes under the control of another stress transcription
factor, Msn2, did not 94. The Hsf1-based HSR is thus uniquely responsive to multiple
control modalities that sense changes in cellular properties ranging from translational
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potency, the folding status of the proteome, physiological perturbations in
temperature, and redox state, and even genome architecture.

Sensing and transcriptional response to proteotoxic oxidative stress

Due to both endogenous processes and exogenous compounds, all organisms
are exposed to reactive oxygen species (ROS). ROS are generated by the partial
reduction of oxygen and can lead to formation of highly reactive molecules such as
hydrogen peroxide and hydroxyl radicals. Despite being a common by-product of
metabolic processes, ROS can cause extensive damage to several cellular
components, such as lipids, proteins, and DNA

95.

The likely primary source of

endogenous ROS is via leakage of electrons from the respiratory chain in the
mitochondria during the production of ATP by oxidative phosphorylation 96. Exposure
to elevated levels of these harmful compounds can overload the redox management
network that cells use to maintain ROS at a tolerable threshold, and this imbalance
activates an elaborate response network called the oxidative stress response (OSR),
upregulating proteins that mitigate the stress via detoxification and/or increased
resistance. The inefficiency or inability of the cellular machinery to neutralize ROS
compounds is intimately associated with the development of several diseases such
as cancer and cardiovascular diseases, along with being heavily intertwined with the
cellular aging process 95. Current research trends are focused on processes by which
cells sense an imbalance in the redox environment and respond accordingly through
selective changes in transcription and translation. As an example, genes classified
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by their involvement in ‘ATPase function’, ‘proteasome’, and especially ‘oxidationreduction process’ are significantly over-represented under heavy oxidative stress in
yeast, from a pool of over 300 genes that are transcriptionally altered 97.
Many ROS-specific regulatory mechanisms are based on the oxidation state
of protein cysteine residues, in part due to the multiple oxidation states that cysteine
can maintain, general reversibility, and ease of reactivity, making this residue a
versatile redox sensor

98,99.

For example, in yeast cells experiencing hydrogen

peroxide stress, cysteines in the glutathione peroxidase Gpx3 form a disulfide bridge
with a cysteine of Yap1, the major positive regulator of the OSR (Fig. 1-5)

100.

Yap1

contains two distinct cysteine-rich domains that differentially sense oxidants to confer
varying responses to stresses, such as inducing TRX2 transcription in response to
H2O2, versus the thiol oxidant diamide as well as other thiol-chelating stressors such
as heavy metals

101.

In both scenarios, activated Yap1 translocates from the

cytoplasm into the nucleus to activate expression of antioxidant genes. An analogous
OSR transcriptional circuit in mammalian cells is based on the transcription factor
nuclear factor-erythroid factor 2 (Nrf2). Nrf2 is regulated primarily by interaction with
Kelch-like ECH-associated protein (KEAP1) that both retains the transcription factor
in the cytoplasm and promotes its rapid degradation

102

(Fig. 1-5). KEAP1 is a

cysteine-rich protein and multiple cysteine residues have been documented to act as
sensors for oxidants and thiol-reactive electrophiles

103.

Cysteine modification

ultimately results in inability to complex with Nrf2, promoting the latter’s DNA binding
and activation of an array of antioxidant genes that in humans play important roles in
inflammation, chronic disease, and detoxification
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104.

Msn2/4, another key positive

regulator of the OSR in yeast, is indirectly dependent on the thiol status of a zinccoordinating cysteine residue in the thioredoxin Trx2. Oxidation of this cysteine
results in a conformational change and zinc release which mediates localization of
the transcription factor Msn2/4 to the nucleus through an unknown mechanism 105,106.
Hsf1 also responds to redox imbalance and ROS via Hsp70 in yeast and directly
through reactive cysteine residues as demonstrated in mouse

39,89,107.

In sum a

common theme is clear – ROS and other thiol-reactive molecules are sensed by
multiple regulators of gene expression via protein thiols to enable rapid and specific
transcription of antioxidant defense proteins. However, the sensors need not be
proximal as chaperones or dedicated accessory proteins can fulfill this role to
transduce the activation signal.
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Figure 1-5: Proteotoxic oxidative stress sensing through reactive protein thiols
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Figure 1-5: Proteotoxic oxidative stress sensing through reactive protein thiols
Reactive oxygen species, xenobiotics, electrophiles and heavy metals (indicated by
the lightning bolts) cause protein misfolding, generating stress signals. Additionally,
cytoprotective responses against these insults are induced at the levels of gene
expression (A, left) and protein folding (B, right). (A) Transcriptional oxidative stress
response pathways in yeast (Yap1), humans (Nrf2), or both (Hsf1) are activated via
different mechanisms that share a common theme of reactive cysteines in partner
proteins sensing ROS and initiating functional changes in transcription factor activity.
Of note, human HSF1 possesses reactive cysteines and is capable of directly sensing
ROS, while yeast Hsf1 does not and relies on Hsp70 as indicated. (B) As described
in the text and as demonstrated in the case of Hsf1 regulation by Hsp70, protein
chaperones are being revealed to directly sense ROS through similar means utilizing
either cysteine or methionine residues. Although many questions remain
unanswered, a trend of stabilizing the passive “holdase” function of chaperones is
emerging, perhaps indicative of a survival strategy based on preventing further
proteotoxic stress during ROS exposure and delaying refolding and repair until the
danger passes.
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Chaperones as sensors of proteotoxic oxidative stress
Several chaperone proteins responsible for maintaining proteostasis are
directly influenced by the redox environment. Thiols can be modified in several ways,
including through oxidation and nucleophilic attack (Figure 1-6). Bacterial and yeast
cytosolic Hsp70 chaperones are heavily impacted by oxidation or adduction of
several conserved thiols 108–110. Within the ER, a normally oxidizing environment, the
Hsp70 BiP (Kar2 in yeast) is modified on cysteine residues based on the thiol redox
state to shift from a “folding” to a “holding” chaperone

111.

Fes1, an Ssa1 co-

chaperone, was additionally shown to have altered function regulated by methionine
oxidation (Fig. 1-5)

112.

The yeast peroxiredoxin Tsa1 was also shown to alter

behavior under redox stress, wherein hyper-oxidation of Tsa1 was a necessary
component for recruitment of Hsp70 and Hsp104 to redox-damaged and aggregated
proteins during aging

98.

In humans, sHSPs play an important role in sensing ROS.

HspB1 (or HSP27), HspB5, HspB6, and HspB8 are known to be upregulated in
response to oxidative stress and hyperosmotic stress in rat hippocampal neurons
[79]. HSPB1 acts as a redox-sensitive molecular chaperone through the residue
Cys137. It has been proposed that Cys137 in HSPB1 modulates protein function by
existing in either its oxidized (disulfide) or reduced (thiol) form (Figure 1-5)

113.

Although HspB1 is present in the cell as a monomer, dimer, or oligomer, it appears
that HspB1 is most active as a chaperone in its dimeric form and that mutations in
the intrinsically disordered region are linked with neuropathies 114. Our lab found that
two yeast sHSPs that function as misfolded protein “sequestrases” mobilize into
stable compartments in yeast cells defective in redox balance due to deletion of the
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gene encoding thioredoxin reductase (trr1Δ), suggesting that redox and proteostatic
balance are deeply interconnected (Goncalves and Morano, unpublished results).
Some un-liganded metal ions can be harmful due in part to their propensity to bind to
free thiols as well as protein cysteine thiols, and the so-called soft metals or metalloids
such as cadmium, arsenic, and chromium are highly toxic even at low micromolar
concentrations and are potent inducers of the OSR

115–117.

Our laboratory recently

showed that in experiments with yeast, cadmium induces aggregation of newly
synthesized triose phosphate isomerase (Tpi1) in both yeast and human cancer cells
and activates Hsp70-based recognition and sequestration of misfolded proteins

118.

Cadmium was also shown to impair protein folding in the ER, with subsequent
induction of the UPR

119.

The presence of toxic metals can also be sensed by

intermediate signal transducers as recently demonstrated for arsenic activating the
transcription factor Yap8 via coordination with thiols in the MAP kinase Hog1

120.

Together, these results demonstrate that in addition to significant changes in
gene expression of antioxidant defense proteins, various forms of redox stress are
sensed directly by the main defense proteins themselves for quick-acting responses
to mitigate cellular damage. How cells sense and deal with oxidative stress extends
beyond maintenance of the redox state of a single cell and may also be governed at
the population level. A recent study observed a bi-modal distribution of oxidation state
even within a population of yeast cells of the same age

121.

The transition from

reduced to oxidized status could be a threshold-based phenomenon that leads to the
emergence of at least two distinct cell subpopulations with different growth and
survival potential in the face of chronic redox imbalance.
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A.

Figure 1-6: Cysteines are subject to several forms of redox state modification
Cysteines present within proteins are susceptible to several distinct forms of
modification. The oxidation state of cysteine progresses through the sulfenic, sulfinic,
and sulfonic states as oxidative state increases. Cysteine modification also occurs
through electrophilic modification and metal chelation. (DEM=diethyl maleate, DAD=
diethyl acetylene dicarboxylate). This figure was obtained with permission from West,
J., Wang, Y., Morano, K.A. (2008). Small molecule activators of the heat shock
response: chemical properties, molecular targets, and therapeutic promise. Chemical
Research in Toxicology. 25, 2036-2053.
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Overview of Hsp70 redox biology using genetic tools

The modelling of cysteine thiol oxidation using genetic techniques has let
several groups probe the consequences of cysteine modification within chaperone
proteins while reducing broad off-target effects of incubation with exogenous
oxidative compounds. Particular genetic substitutions, using amino acids like aspartic
acid, were used to effectively mimic the steric and electrostatic changes that occur in
thiol oxidation. Oxidation-mimicking substitutions within the inducible Hsp70 of
humans (HSPA1A) culminated in changes to the structure of the nucleotide binding
pocket within the chaperone, resulting in deficiencies that were both enzymatic and
behavioral

90.

Similarly, an unpaired cysteine residue positioned adjacent to the

nucleotide binding pocket of Hsc70, a constitutive human Hsp70, had negative effects
when substituted with tryptophan. Tryptophan is an aromatic amino acid, which the
Sevier lab (the authors of that work) refer to as a ‘bulky amino acid’, as they do with
aspartic acid. Tryptophan has a six sided benzene ring that was shown to produce
steric changes in the surrounding residues when substituted for C17 of Hsc70

109.

The crystal structure of the C17W mutant showed that a critical Mg2+ ion was
displaced by ~2Å, due to the loss of a stabilizing water molecule from the nucleotide
binding pocket. The C17W mutant was found to be heavily deficient for ATP
hydrolysis

109.

As the platform for my work, previous work from our lab detailed how

substitution of two cystine residues (C264, C303) with aspartic acid generated a
stimulation of the heat shock response in cells, even when under non-stressed
conditions, and resulted in a slowed growth phenotype
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89.

Aspartic acid mimics the

structural and electrical characteristics of sulfinic acid, an oxidized thiol form.
Meanwhile, substitution of the same cysteines with the non-modifiable amino acid
serine did not stimulate the same constitutive stress response activation, but also did
not demonstrate a cytoprotective response when exposed to 600µM Cd2+ followed by
an elevated heat shock, as the wild type cysteines were able to

89.

This work also

found that substitution of C15 destabilized the Ssa1 protein and that response to thiolreactive compounds was largely abolished in the C264S, C303S mutant, suggesting
that C15 does not play a significant role in oxidative sensing.
Oxidomimetic mutations also altered the behavior of the endoplasmic
reticulum-localized Hsp70 protein BiP from that of a protein-maturation assisting
’foldase’ into a less functional, enzymatically reduced holdase state, passively binding
substrates for increased time, without regulated release. This functional modulation
promoted an increased cell survival rate under conditions of oxidative stress, but had
negative consequences for growth under non-stress conditions

111.

While increased

interaction between this oxidomimetic form of BiP (C63D) and misfolded polypeptide
substrates promoted a protective behavior against oxidative stress, a C63H
substitution that mirrors the steric bulkiness but not the electric charge of a sulfinic
acid was demonstrated to have a dominant negative effect in non-stress conditions,
possibly from an increased holdase activity that did not allow proper folding and
secretion of protein substrates 122. The enzymatic consequences of oxidative mimics
using amino acid substitution mirror the deficiencies in nucleotide interactions, ATP
hydrolysis activity, and protein refolding seen from exogenously added oxidizing or
alkylating compounds

90,123,124.

Glutathionylation of cysteines within the Hsp70s of
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HeLa cells caused disturbances in substrate recognition and binding, again
supporting the concept that Hsp70 cysteines are both highly reactive and functionally
vulnerable amino acids 88.
This work is a continuation of the work previously established in our lab,
detailing the elevated stress response in S. cerevisiae cells that carried a C264D,
C303D mutation in the Ssa1 gene, as detailed above. To better detail the functions
of C264 and C303 within Ssa1 as oxidative stress sensors and susceptible targets,
as well as the downstream consequences of thiol stress on general Ssa1-dependent
proteostasis, I performed an approach that made use of both biochemical tactics and
genetics. In Chapter 3, I use isolated Ssa1 WT proteins, as well as the non-reactive
Ssa1-2CS and the dual sulfinic acid mimic Ssa1-2CD (C264D, C303D) to determine
the effects of these substitutions on a variety of critical Hsp70 roles in vitro, including
nucleotide binding, ATP hydrolysis, and the refolding of chemically denatured protein.
Exogenous oxidation was then performed to address WT behavior under oxidant
exposure. In Chapter 4, I use the same genetic mutations in vitro, detailing the impact
of thiol oxidation mimicking on several Ssa1-mediated proteostatic roles in the more
complex system of a living organism. In Chapter 5, I analyze data within the
OxiMouse database to explore events of cysteine oxidation in murine Hsp70s across
various tissue types and age groups. As a whole, this work gives evidence to a model
wherein cysteines within the primary, constitutive cytosolic Hsp70 chaperone are
susceptible to modification by oxidative stressors that detractively impacts protein
homeostasis but also simultaneously activates the heat shock response to promote
a cytoprotective cascade.
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Chapter II: Materials and Methods

This research was originally published in the Journal of Biological Chemistry.
Santiago A, Morano KA. Oxidation of two cysteines within yeast Hsp70 impairs
proteostasis while directly triggering an Hsf1-dependent cytoprotective response. J
Biol Chem. 2022 Aug 25:102424. doi: 10.1016/j.jbc.2022.102424. © the American
Society for Biochemistry and Molecular Biology or © the Author(s). JBC does not
require permission to use published materials in one’s dissertation:
https://www.elsevier.com/about/policies/copyright/permissions.

33

Strains, plasmids and yeast cultivation
Yeast strains were derived from either DS10 (MATa ura3-52 lys1 lys2 trp1-1 his311,15 leu2-3112) or BY4741 (MATa, his3Δ1; leu2Δ0; met15Δ0; ura3Δ0) parent
strains. The ssa1ssa2 strain (SL314, MATa ura3-52 lys1 lys2 trp1-1 his3-11,15
leu2-3112 ssa1::HIS3, ssa2::LEU2) was generously provided by the Craig laboratory
and is isogenic with DS10 41. Complementation of the lethal ssa1ssa2 ssa3ssa4
strain was conducted using a standard yeast plasmid shuffle technique, with a URA3based SSA1-expressing plasmid (a kind gift from the Truman laboratory). The SSA1
allele plasmids (p413TEF, p413CYC and p423GPD) were constructed by PCR
mutagenesis and amplification of the SSA1 ORF using standard cloning methodology
with 5’ SpeI and 3’ XhoI restriction sites. All mutants were confirmed using DNA
sequencing. All plasmids were transformed into yeast using the rapid yeast
transformation protocol 125. The FLAG-tagged Hsf1-expressing plasmid was used as
previously published

10.

The pTHD3HA-tGND-GFP plasmid was a kind gift from Dr.

Randolph Hampton, University of California, San Diego. The HSE-lacZ plasmid was
reported previously 126. The p425MET25-FFL-GFP-leu2::URA3 plasmid was used as
previously described

127.

The 6XHis-Smt3-SSA1 plasmid was kindly provided by Dr.

Nadinath Nillegoda (Monash University, Australia). S. cerevisiae strains were
cultured in yeast extract, peptone, dextrose medium (YPD) or synthetic complete
(SC) medium (Sunrise Science, San Diego, CA). For growth curve analysis, cells
were grown overnight at 30˚C. Cells were then sub-cultured and grown to mid-log
phase (OD600=0.6-0.8), then diluted to OD600=0.1 in fresh media. Growth was
monitored using a Synergy MX (BioTek, Winooski, VT) microplate reader for 16 hours
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with shaking at 30˚C. Petri plate growth analysis was for two days at 30˚C. Cells
containing the HSE-lacZ reporter were grown to log phase, and diluted to OD600 =0.8.
50uL of Beta-Glo reagent (Promega, Madison, WI) and 100 uL of liquid culture was
added to each well in a 96-well microplate and measured for beta galactosidase
activity using the Synergy MX (BioTek) microplate reader.

Protein purification
Proteins were isolated as previously described, with several alterations

128.

Briefly, SSA1 coding regions were amplified from p413TEF plasmids and subcloned
into the pSUMO vector with a 6XHis-Smt3 tag (gifted from the Nillegoda laboratory)
128,129.

Plasmids were transformed into BL21(DE3) E. coli additionally containing the

pRARE plasmid and grown overnight in LB Amp/Kan at 37˚C. Subcultures were then
grown to log phase (OD600=0.6) and expression was induced with 0.5 mM IPTG
(MilliporeSigma, St. Louis) for 3 hr at 30˚C, then cells were collected by centrifugation,
washed, and flash frozen for storage at -80˚C. The following day, cells were lysed in
30 mL Buffer K (50 mM HEPES-KOH, pH 7.5, 750 mM KCl, 5 mM MgCl2) with DNAse,
RNAse, protease inhibitors (PI), and 1 mM PMSF. Suspensions were sonicated on
ice to lyse, and cell debris was removed by centrifugation for 10 min at 12,500 RCF
at 4˚C. Supernatant was removed, and the suspension was again centrifuged. The
supernatant was brought up to 30 mL with Buffer K and nutated for 1 hr at 4˚C with 1
mL bed volume of Buffer K-equilibrated His-Pur cobalt resin (Thermo Scientific),
adding 30 uL fresh PI, 1 mM PMSF, and 50 uL of 100 mM ATP (pH 7.5). The
suspension was centrifuged at 4˚C for 10 min at 9,000 RCF, and supernatant was
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removed. The resin was washed twice with 30 mL of Buffer KC (50 mM HEPES-KOH,
pH 7.5, 750 mM KCl, 5 mM MgCl2, 30 mM imidazole) plus fresh PI and PMSF.
Washes consisted of resuspension and hand nutation for 30 sec, 3 min on ice, a 2
min spin at 5,500 RCF in chilled rotors, 3 additional min on ice, followed by
supernatant removal. Final supernatant was removed, and the resin was incubated
three times with 500 uL of Buffer KE (50 mM HEPES-KOH, pH 7.5, 750 mM KCl, 5
mM MgCl2, 300 mM imidazole), centrifuged for 30 sec at 6,000 RCF and supernatant
was passed through a filter column to elute proteins. All elutions were then
concentrated by Vivaspin column (Cytiva) and placed into dialysis tubing, then
incubated overnight with stirring in 1 L of chilled Buffer KL (50 mM HEPES-KOH, pH
7.5, 30 mM KCl, 5 mM MgCl2) to remove imidazole. The SUMO protease Ulp1 (lab
isolated) was added to the dialyzed protein sample and incubated at room
temperature for 1 hr. 500 uL of Buffer KL-equilibrated resin was added, and the
mixture was nutated at 4˚C for 1 hour. A filter column was used to separate beads
from cleaved protein isolate. 10% glycerol was added and proteins were either frozen
at -80˚C or immediately further purified using an AKTA pure ion exchange
chromatography system (Cytiva) and HiTrap Q HP columns (Cytiva), testing fraction
activity by quantifying ATP hydrolysis. Proteins were again concentrated with 10%
glycerol, separated into aliquots and snap-frozen at -80˚C. Isolated Ydj1 was a
generous gift from Elizabeth Craig and Sse1 was from a previously isolated laboratory
stock 34. Purified Hsp104 protein was a kind gift of the Tsai laboratory (Baylor College
of Medicine).
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ATP binding assay
For each respective protein sample, 25 uL of ATP-agarose (MilliporeSigma)
bead volume was washed three times with 1 mL chaperone buffer (50 mM HEPESKOH, pH 7.5, 50 mM KCl, 5 mM MgCl2, 5 mM DTT) in a siliconized tube. Beads were
resuspended in 500 uL chaperone buffer with 1 uM final concentration of protein
isolate. Suspensions were nutated at 4˚C for 30 minutes and washed five times with
1 mL chaperone buffer + 1.5% Triton X-100 (30 sec spin at 6,000 RCF, on ice in
between). After removing supernatant, beads were transferred to a new siliconized
tube to negate tube-bound protein and 50 uL of chaperone buffer plus 50 uL of 2X
SDS-PAGE sample buffer were added, followed by incubating at 65˚C for 20 min prior
to gel loading to elute proteins.

ATPase assay
ATP hydrolysis was determined using a malachite green-based assay
(MilliporeSigma) to measure phosphate release. Purified Ssa1 was diluted to 0.1 uM,
with or without 0.2 uM Ydj1, in 20 uL total volume of reaction buffer in a 96-well plate.
10 uL of 4mM ATP was added to each well, and the plate was incubated with a cover
for 90 min at 30˚C, followed by the addition of 150 uL of the malachite green reagent.
The colorimetric reaction proceeded for 30 min at room temperature before
measuring absorbance. Absorbance values were read and converted to picomoles of
phosphate using a standardized phosphate curve. Values are reported as specific
activity (pmol ATP/µg Hsp70/min).
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in vitro firefly luciferase recovery assay
Refolding of denatured FFL was assessed as reported previously, with slight
alteration

123.

In short, 200 uM FFL protein was incubated 1:1 with denaturing buffer

(50 mM HEPES-KOH, pH 7.5, 50 mM KCl, 5 mM MgCl2, 5 mM DTT, 3 M guanidinium
HCl) at room temperature for 30 min to denature. Denatured FFL (1 uM) was added
to a chaperone mixture containing the respective Ssa1 (0.1 uM), Ydj1 (0.2 uM), Sse1
(0.05 uM), 5 mM ATP, and Hsp104 when applicable (0.1 uM), then brought to a final
reaction volume of 100 uL with chaperone buffer. 5 uL of reaction mixture was diluted
into a well containing 200 uL of chaperone buffer prior to measurement. To measure
activity of properly folded luciferase, 20 uL of luciferin (222 uM) was added to 10 mL
of chaperone buffer, and 10 uL was auto-injected into each well and
chemiluminescence signal measured. Activity was determined at indicated time
points, and raw numbers were converted to a percentage through comparison to
activity of a non-denatured control in the same volume.

Treatment of chaperones with hydrogen peroxide
A hydrogen peroxide oxidation regimen was amended from a previously described
protocols90. Ssa1 proteins (5 uM) were incubated with 1 mM hydrogen peroxide for 1
hr at 37C, followed by 50-fold dilution to final assay concentration. For subsequent
reduction, WT was incubated with 20 mM DTT after hydrogen peroxide treatment,
and the mixture allowed to incubate at room temperature for 10 min, as previously
described124.
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Trypsin digestion
Chaperones were subjected to trypsin digestion as previously described 130. In
short, 1.5 ug of Ssa1 was incubated with 1 mM of the respective nucleotide for 10
min at room temperature. Trypsin (1 mg/mL) was then added and reactions incubated
for 20 min at room temperature, before stopping the reaction by adding 6X SDSPAGE sample buffer.

Preparation of cell extracts and immunoblotting
Cells were grown overnight, sub-cultured and grown to mid-log phase
(OD600=0.6-0.8). Proteins were extracted by glass bead lysis as previously described
131.

Proteins were analyzed by separation on SDS-PAGE gels (8-12%) and

transferred to polyvinylidene difluoride (PVDF) membrane (EMD Millipore).
Immunoblots were imaged using an anti-Ssa1/2 polyclonal antibody at a 1:10,000
dilution, anti-FLAG mAb at a 1:4,000 dilution (MilliporeSigma), or anti-GFP at a
1:5,000 dilution (Roche) using a previously described procedure

131.

Blots were

sprayed with WesternBright ECL-spray (Advansta) and imaged using the ChemiDoc
MP Imaging System (Bio-Rad). Bands were quantified using Image Studio Lite (LICOR Biosciences). To monitor chaperone stability, 100 ug/mL cycloheximide was
added to log phase cultures.

Hsf1 immunoprecipitation
Immunoprecipitation was performed as previously described

10.

In short, 30

mL of cells were lysed by glass beads, and total lysate was co-incubated with anti-
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FLAG M2 Affinity gel (MilliporeSigma) in a total volume of 700 uL of TEGN buffer (20
mM Tris-HCl, pH 7.9, 0.5 mM EDTA, 10% glycerol, 50 mM NaCl), plus protease
inhibitors (PI), nutating for 2 hr at 4˚C. Beads were washed eight times using 750uL
of TEGN + PI, followed by elution of proteins using 40 uL of FLAG peptide (200
ug/mL) at room temperature for 25 min. 6X SDS-PAGE sample buffer (350 mM TrisHCL, pH 6.8, 36% glycerol, 10% SDS, 5% beta-mercaptoethanol, and 0.012%
bromophenol blue) was added to samples and incubated at 65˚C for 20 min to elute.

Fluorescence microscopy
For all experiments, yeast live cells were imaged as described previously

118.

In short, cells were wet-mounted on slides and imaged using the 100x objective of an
Olympus IX81 microscope, using a FITC filter to visualize GFP. For each experiment,
identical exposure times were used. For foci counts, strains were grown overnight in
SC-HIS-URA and late growth stage cells were imaged.

In vivo FFL assays
FFL-GFP de novo assays were carried out as previously specified

127.

Briefly,

indicated strains containing the 413TEF SSA1-expressing plasmid and p425MET25FFL-GFP-leu2::URA3 were grown overnight in SC-URA-HIS at 30˚C. 100 uL
additional methionine was added to repress plasmid expression. Cells were subcultured in fresh media to log phase OD600=0.8, 5 mL of cells were harvested by
centrifugation, and washed to remove all methionine. Cells were resuspended in 5
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mL of SC-URA-MET to induce FFL-GFP expression and activity was measured at
the indicated time points by adding 10 uL of 222 nM luciferin in a microplate reader.
Refolding assays were performed similarly to de novo FFL activity assays, but after
1 hr of induction, 100 mg/mL of cycloheximide was added to stop protein synthesis.
Cells were then subjected to heat denaturing at 42˚C for 15 min, then incubated at
30˚C for recovery. FFL-GFP activity was measured by adding 10 uL of 222 nM
luciferin in a microplate reader or imaged for foci.

tGND-GFP protein turnover
Steady state levels of the terminally misfolded protein tGND were performed
essentially as described

132.

In brief, BY4741 ssa1ssa2

cells containing the

pTHD3HA-tGND-GFP plasmid and relevant p413TEF SSA1 allele plasmid were
grown to early log phase in SC-HIS-URA (OD600=0.5). 1 mL of cells were collected,
washed, resuspended in 177 uL of 1.85 M NaOH and left on ice for 10 min. 177 uL
of cold 55% trichloroacetic acid was added, and the sample incubated on ice for an
additional 10 min. Cells were centrifuged in a cold room at 7,200 RCF for 1 min and
supernatant removed. The pellet was resuspended in 500 uL of ice-cold acetone and
centrifuged. The supernatant was removed and 100 uL per OD of 2X urea buffer (1
% SDS, 8 M Urea, 10 mM MOPS, 10 mM EDTA, pH 6.8, 0.01 % bromophenol blue,
1 mM PMSF) was added. Suspensions were sonicated for 5 min and samples placed
at 65˚C for 20 min, followed by an additional 5 min of sonication. Cells were again
centrifuged and supernatant was moved to a new tube and frozen prior to SDS-PAGE
separation and immunoblot. For microscopy, cells were grown to early log phase
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(OD600=0.5) in SC-HIS-URA and 100 ug/mL cycloheximide was added to cultures.
Cells were imaged for foci at relevant time points.

OxiMouse Database Analysis
The OxiMouse database was accessed through the searchable portal at
https://oximouse.hms.harvard.edu/sites.html. Search terms included ‘Hsp70, Hsc70,
70kDa, and Hsp110, and 110kDa’. All data was extracted into Microsoft Excel and
cysteine oxidation events were divided into groupings of single proteins with all
relevant cysteine sites within that protein in a single group. Significant events were
quantified by dividing the % population of each singular cysteine site between old
mouse/young mouse, with a minimum threshold of 1.5. All ten tissue types were
examined.

Statistical analysis
Student’s t-test was used to analyze mean differences between conditions.
Prism 9 (GraphPad Software) was used to analyze averages of end point
measurements of each time point and calculate standard error of the mean. For all
significant tests, *p=0.05; **p=0.005; ***p=0.0005; ****p=0.00005.
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Table 2-1: Strains and plasmids used in this study
Strain

Source

DS10 (MATα,-leu2, trp1-1, ura3, his3, lys2, GAL2)

Lab of E. Craig

DS10 ssa1ssa2 (MATα, ura3-52, lys1, lys2, trp1-1, his3-11,15, leu2- 3112)

Lab of E. Craig

BY4741 (MATa, his31, leu20, met15, ura30)

Lab of K. Morano

BY4741 ssa1ssa2ssa3ssa4 pURA3-SSA1-WT (MATa, his31, leu20,

Lab of A. Truman

met15, ura30)
Plasmid

Source

413-TEF-HSF1-GFP-FLAG

Peffer, 2019

413TEF-ssa1-WT

This study

413TEF-ssa1-2CS

This study

413TEF-ssa1-2CD

This study

413CYC-ssa1-WT

This study

413CYC-ssa1-2CS

This study

413CYC-ssa1-2CD

This study

423GPD-ssa1-WT

This study

423GPD-ssa1-2CS

This study

423GPD-ssa1-2CD

This study

6XHis-Smt3-SSA1-WT

Nillegoda, 2016

6XHis-Smt3-SSA1-2CS

This study

6XHis-Smt3-SSA1-2CD

This study

pTHD3HA-tGND-GFP

Singh, 2020

p425MET25-FFL-GFP-leu2::URA3

Abrams, 2014

416TEF-HSE-lacZ

Trott, 2008

43

Chapter 3: In vitro analysis of Ssa1 cysteine modification

This research was originally published in the Journal of Biological Chemistry.
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Introduction
Chaperone cycling between an Hsp70 and the co-chaperones Hsp40 and
Hsp110 can be segmented into three distinct phases. These phases rely on an interdependent relationship between nucleotide, chaperone-chaperone interactions, and
the conformation of the chaperones themselves. Categorically, these phases can be
defined loosely as binding, conformational interaction, and release. Initially, Hsp40
recognizes and binds substrate delivering it to the substrate binding domain of the
Hsp70

58.

For this first step to occur, it is imperative that the SBD of Hsp70 be open

and ready to receive substrate, which only occurs after the binding of ATP

14.

The

docking of Hsp40 to Hsp70 stimulates ATP hydrolysis, in conjunction with the binding
of substrate itself. The catalytic activity of Ssa1 is kcat =0.031, but when incubated
individually with the respective co-chaperones, Ydj1 stimulates the rate of Hsp70
ATPase activity by a factor of at least 10.2, and the Hsp40 Sis1 stimulates ATPase
activity by a factor of 8.1 133. Hydrolysis alters the conformation of Hsp70, closing the
‘lid’ of the SBD and pulling the linker into a docking position, causing interaction of
the NBD and SBD 4, forming the ’closed’ position. Hsp70 will remain in this position
until the release of the ADP molecule and subsequent binding of a new ATP
molecule. To continue the cycle, an Hsp110 NEF aids in the release of the ADP,
allowing a new ATP to bind 35.
In this study, I wanted to understand the effects that genetically mimicked and
exogenous oxidation of the two cysteines in question, C264 and C303, had on Ssa1
enzyme activities and cellular roles. Miyata et. al. performed an in-silico modelling of
homologous cysteine oxidation mutants in the human stress-inducible Hsp70 protein,
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finding that there was a potential conformational change within the NBD that shifted
critical residues away from being able to properly stabilize the phosphates within a
bound ATP 90. This impaired stabilization was predicted to result in reduced capacity
to properly interact with nucleotide. Their mimicked and exogenously oxidized Hsp70
experiments, through incubation of isolated proteins with both hydrogen peroxide and
methylene blue, showed a reduction in ATP hydrolysis and alterations in several other
chaperone behaviors due to cysteine oxidation. Using mass spectrometry, the
researchers found that the modified cysteines were C267 and C306, homologs of the
cysteines that my work is exploring. In the following set of experiments, I perform
similar in vitro assays to determine the role of cysteine oxidation within Ssa1 on each
step of the chaperone cycling process to assess whether the functional
consequences of cysteine modification are conserved. I examined ATP binding, ATP
hydrolysis, limited trypsin digestion, and functional refolding of chemically denatured
FFL to assess each stage of chaperone cycling and the resultant chaperone
capabilities of Hsp70, using both exogenous oxidation and mimicked oxidation.
Interactions between Hsp70 and its co-chaperones are also critically important, so I
took additional consideration to alter the ratios and presence of co-chaperones in
several experiments, to determine whether cysteine oxidation extended beyond
Hsp70 and has inter-protein affects.
Obtaining the proteins to perform the in vitro experiments was no small feat,
as several months were spent in determining the optimal method of protein
expression and extraction. Initially, yeast proteins were used to over-express Ssa1,
as a natively-expressed protein would be subjected to the correct post-translational
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modifications. However, an overexpression of Ssa1 is detrimental to yeast growth, so
the resulting protein yields were limited. Alternatively, E. coli was used to express the
Hsp70s to a much greater extent, but the extracted Hsp70s were less enzymatically
active than previously reported in literature. After this initial attempt of mine, Yoo et.
al. published a paper that described a fractionation of E. coli-derived Ssa1 proteins
via ion chromatography, in which two populations of Ssa1 were isolated. A larger
subgroup that was less enzymatically active, and a smaller subgroup that was able
to hydrolyze ATP at previously reported levels

134.

They were able to separate the

two subgroups using ion chromatography. I mirrored their protocol, and found that my
isolated protein was similarly able to hydrolyze ATP to the expected amount, but that
it greatly reduced the yield of overall protein that I was able to isolate. This functional
subgroup formed the chaperone pool that allowed me to perform the following assays.
The following chapter details my work into exploring the enzymatic and functional
impacts of mimicked and exogenous oxidation on cysteines C264 and C303 in vitro.
I found that the Ssa1-2CD protein was significantly hindered in the ability to bind and
hydrolyze ATP, as well as to refold chemically denatured substrates. These effects
were mirrored by exogenous oxidation of the Ssa1-WT protein, but were largely not
seen in the Ssa1-2Cs protein. Additionally, it was observed that the trypsonization
profile of Ssa1-2CD was different compared to Ssa1-WT and Ssa1-2CS when
incubated with a non-hydrolyzable nucleotide analog, and that the presence of
Hsp104 did not remedy the Ssa1-2CD substrate refolding deficiency.
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Results
Ssa1 oxidation reduces ATP binding and hydrolysis
The conformational changes between the NBD and SBD that allow Hsp70
chaperones to iteratively bind and release substrate are dependent on allosteric
signals from interactions with nucleotide, substrate, and co-chaperones. This process
was previously shown to be disrupted by exogenous treatment with thiol-reactive
compounds

123.

The sulfhydryl alkylating reagent N-ethylmaleimide negated the

ability of yeast Ssa1 to bind ATP-agarose, as well as to hydrolyze ATP

124.

Human

Hsc70 and Hsp70 were also both shown to be susceptible to thiol modification, with
detrimental

effects

on

ATP

hydrolysis

90,109.

To

continue

exploring

the

Hsp70/nucleotide relationship and to confirm the relevancy of thiol modification, I
generated and purified to homogeneity recombinant Ssa1 proteins with the wild type
cysteines, serine substitutions (Ssa1-2CS), or aspartic acid substitutions (Ssa1-2CD)
at cysteines 264 and 303

89,128

(Fig. 3-1). Because binding of ATP within the NBD

generates an allosteric signal to induce conformational change of Hsp70, I
hypothesized that modification of C264 and C303 would alter the ability of Ssa1 to
interact with nucleotide, similarly to what was found by Miyata, et. al. when they
modelled the oxidation of the homologous stress-induced human Hsp70 in silico

90.

Originally, I attempted several protocols for yeast and bacterial expression of
plasmids obtained from our stock library, including both a thrombin-cleavable E. coli
expression plasmid and a FLAG-tagged yeast expression plasmid.
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A

Figure 3-1: Cysteine substitution mutants reflect states of oxidation
Substitution of cysteines C264 and C303 within the NBD of Ssa1 reflect the potential
oxidation states of cysteine. Substitution of cysteine with aspartic acid structurally
reflects the secondary oxidation of a cysteine, sulfinic acid (red). Substitution of
cysteine with serine structurally reflects a cysteine that is non-reactive to thiol
modification (blue).
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The yeast expression vector was not able to produce effective levels of protein
on a practical timeline, and the thrombin cleavable plasmid product was not fully
cleaved in my attempts. I settled on a His6-SUMO-tagging plasmid that allowed for
high levels of expression and very clean purifications due to ease in the tag removal
process. Hanuel Yoo, of the Drummond lab at the University of Chicago, published
a finding that documented how anion-exchange ion chromatography of E. coli-derived
Ssa1 protein was able to separate two populations of Ssa1, one more enzymatically
active and one less enzymatically active. I repeated her ion chromatography protocol
and found that I also had two distinct populations, one that approached 10 pmol
phosphate/ug Hsp70/min, and a less-active population that had a 10-fold reduction
in activity (Figure 3-2). The first peak, accounting for the majority of the isolated
protein, was not optimally functional for ATP hydrolysis. Ssa1 collected from the
second, smaller, peak, exhibited ATPase activity similar to reported levels. The two
peaks are indicative of possible different net charge of the two populations, as each
peak is subsequently released from the positively-charged anion-exchange
chromatography column as the ionic concentration increases. For this approach, I
used a gradient increasing gradually from 0 to 1 M NaCl, and this indicates that the
second, relatively more functional peak, had a higher degree of binding strength to
the chromatography column. Once the fractions were separated, I found that our
isolations also reported values of ATP hydrolysis that were comparable to published
Hsp70 values (~8 pmol phosphate/ug Hsp70/min 90) and repeated the process for the
2CS, and the 2CD mutant isolations (Figure 3-3).
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A

Figure 3-2: Ion chromatography separates Ssa1 subgroups of varying
functionality
(A) Using a Hi-Trap Q anion-exchange chromatography column, isolated Ssa1
mutant proteins were separated using a gradient of 0M-1M NaCl in Chaperone Buffer.
The 0.5mL fractions of separation are listed at the bottom. The orange line indicates
conductivity, and the blue line is a measure of ultraviolet absorbance, indicating
protein concentration.
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A.

Figure 3-3: Purification of Ssa1 variants and co-chaperones
(A) Isolated Ssa1 proteins containing wild type cysteine, cysteine to aspartic acid
mutations, and cysteine to serine mutations are stable in isolation. Previously isolated
co-chaperones Ydj1 and Sse1 are also shown. Each well contains between 2.5 and
8µg of isolated protein, suspended in an SDS-PAGE gel and stained with One-Step
Blue protein stain (Biotium).
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The first category of Ssa1 functionality that I wanted to measure was ATPbinding ability. If the findings of the homologous cysteines in the human stressinducible Hsp70 modelling were also reflected in an Ssa1 protein with similar
mutations, I expected the ability to bind nucleotide to be altered due to the
misalignment of critical residues within the nucleotide binding pocket. To test this
hypothesis,

I

measured

nucleotide

binding

ability

using

ATP-agarose

chromatography. Purified proteins were incubated with ATP-agarose, followed by
several washes and elution with sample buffer and immunoblot. Initial tests proved to
be contaminated by residual protein which had bound to the inner surface of the
microcentrifuge tube. The strength of binding also proved to be unexpectedly strong,
and iterative levels of Triton X-100 detergent were added until protein began to
release from the column. Additionally, the proteins were found to take less than
expected amounts of time to bind the column. Initial extended incubation times of one
hour in a refrigerated setting did not result in more bound protein than a 20-minute
incubation time, suggesting very rapid binding, as well as decreasing the amount of
spontaneous release that may happen with extended incubation. Comparable
amounts of Ssa1 (WT) and Ssa1-2CS were eluted from the ATP-agarose beads after
incubation, while the Ssa1-2CD protein was unable to bind to the same extent (Fig.
3-4A, quantitated in Fig. 3-4B). Hydrogen peroxide was added as an exogenous
oxidant, to monitor the effects of WT cysteines that were receptive to modification.
Incubation of an isolated protein with an exogenous oxidant actively reflects the
exposure of Ssa1 to an abundantly oxidized cellular environment, and the results I
found lend credibility to the genetic substitution mutant.
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A.

B.

Figure 3-4: Nucleotide binding and hydrolysis are similarly impaired by
oxidomimetic substitution in Ssa1-2CD and exogenous oxidation of Ssa1
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Figure 3-4: Nucleotide binding is similarly impaired by oxidomimetic
substitution in Ssa1-2CD and exogenous oxidation of Ssa1 (A) Immunoblot
displaying elution fraction of 25 uL ATP-agarose bead volume incubated with 1 uM
total respective protein treated or not with 1 mM hydrogen peroxide. (B) Quantification
of the signal in A converted to relative percentage of untreated Ssa1 and normalized
for load. Bolded horizontal bars indicate mean, and error bars indicate SEM.
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Addition of 1 mM hydrogen peroxide prior to incubation with the beads
significantly reduced the signal of eluted Ssa1, while Ssa1-2CD ATP binding
remained low and nearly identical to untreated sample, as averaged over three
experiments (Fig. 3-4B). Importantly, Ssa1-2CS retained full ATP binding capacity
regardless of hydrogen peroxide treatment, suggesting that reduced nucleotide
binding is a functional consequence of oxidation of cysteines 264 and 303.To assess
whether the reduced binding interaction resulted in a downstream change in catalytic
activity, I tested the ability of each isolated protein to hydrolyze ATP using a malachite
green assay to quantify released phosphate. Akin to nucleotide binding, Ssa1 and
Ssa1-2CS exhibited comparable levels of specific activity, while Ssa1-2CD
demonstrated significantly reduced hydrolysis. (Fig. 3-5). Treatment with hydrogen
peroxide also drastically reduced ATP hydrolysis of the Ssa1 but not Ssa1-2CS
protein, while Ssa1-2CS retained full and even slightly elevated activity. Hydrolysis of
ATP in the NBD is stimulated by Hsp40. It was noted that the hydrolysis deficiency of
Ssa1-2CD may only affect the basal Ssa1 ATPase activity, and that the ATPase
stimulation of Hsp40 may be able to compensate for the decreased activity. I
therefore wanted to determine if stimulation by Hsp40 could overcome the basal
hydrolysis deficit of Ssa1-2CD. Similarly, Hsp110 is also able to assist in ATP
hydrolysis by Hsp70, so it was also a consideration as to whether the presence of
Hsp110 was able to compensate for the deficiency of Ssa1-2CD. Interestingly, the
addition of the Hsp40 Ydj1 and the Hsp110 Sse1 equally stimulated all Ssa1 isolates,
but was not able to rectify the deficiency in hydrolysis from Ssa1-2CD (Fig. 3-5B).
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A.

B.

Figure 3-5: Nucleotide hydrolysis is similarly impaired by oxidomimetic
substitution in Ssa1-2CD and exogenous oxidation of Ssa1
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Figure 3-5: Nucleotide hydrolysis is similarly impaired by oxidomimetic
substitution in Ssa1-2CD and exogenous oxidation of Ssa1
(A) Rate of ATP hydrolysis by a 0.1 µM suspension of respective proteins, treated or
not with 1 mM hydrogen peroxide. (B) ATP hydrolysis by WT and mutant Ssa1
proteins, basal and stimulated by 0.2 µM Ydj1. Bolded horizontal bars indicate mean,
and error bars indicate SEM. *, p<0.05; ns, not significant.
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Together, these data indicate that modification of cysteines, by both
exogenous oxidation and oxidomimetic mutation, results in an altered relationship
between Ssa1 and nucleotide resulting in reduced ability to bind and hydrolyze ATP.
Disruption of nucleotide interaction within the NBD of Hsp70 has negative
implications for the allosteric conformational changes signaled through the linker to
the SBD, possibly affecting substrate interaction16. The allosteric signaling could also
work in the reverse, whereby signals from the SBD are not correctly transduced
through to the NBD. Allostery of Hsp70 results in conformational shifts of the domains
in concert, and these shifts are the crucial action that drive the Hsp70 roles in
proteostasis. I then hypothesized that if the 2CD/nucleotide relationship was altered,
it may be due to altered conformation status in the presence of nucleotide, relative to
WT.
To assess differential NBD conformational status, I performed limited
trypsinization of isolated Ssa1 variants as used previously to interrogate NBD
structure by monitoring proteolytic fragmentation patterns of Hsp70.130 I incubated
each chaperone mutant with either ATP or the non-hydrolyzable ATP--S analog,
followed by limited trypsin digestion. Interestingly, I observed increased and
nucleotide-independent generation of what I believe to be the SBD ‘lid’ domain (10
kDa) in the 2CD mutant based on visually observed molecular mass, as compared to
WT and 2CS (Fig. 3-6)7. I inferred that this may be due to 2CD being locked into one
conformation for a longer period of time, stabilizing the SBD in a more exposed
state. In the ‘open’ conformation, the NBD is either bound to ATP or does not have
nucleotide in the pocket at all, and the lid domain is directly interacting with the outer
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face of the NBD. In the ‘closed’ state, ADP is bound within the NBD and the lid sits
over the substrate bound in the SBD. An altered relationship with nucleotide has the
propensity to disrupt the signals passed through the domains to achieve
conformational end-states, possibly leaving critical residues exposed to solvent for
increased amounts of time, or protecting easily digestible protein sections through
increased intra-protein interactions.
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A.

B.

Figure 3-6: Isolated 2CD shows an altered fragmentation profile when
incubated with non-hydrolyzable nucleotide
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Figure 3-6: Isolated 2CD shows an altered fragmentation profile when
incubated with non-hydrolyzable nucleotide
(A) Limited trypsin fragmentation profile of each indicated Ssa1 incubated with the
respective nucleotide. 1.5 ug of Ssa1 was incubated with 1 mM of the respective
nucleotide for 10 min at room temperature. 1 mg/mL of trypsin was then added and
reactions incubated for 20 min at room temperature. (B) Time course of limited trypsin
digestion.
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To determine the consequences of impaired nucleotide interaction on protein
folding by Hsp70, I utilized recombinant firefly luciferase (FFL) as a substrate for
Ssa1. The enzymatic activity of properly folded FFL to produce chemiluminescence
in the presence of the substrate luciferin has been previously used to measure
substrate refolding by yeast chaperones in vitro

135–137.

I therefore reconstituted the

Hsp70 folding triad that includes Hsp70 (Ssa1), Hsp40 (Ydj1), and Hsp110 (Sse1) to
examine refolding of chemically denatured FFL in vitro. Ssa1 and the cysteine-null
Ssa1-2CS were found to have comparable basal ability to refold FFL post-exposure
to guanidinium hydrochloride, while the yield of active enzyme produced by Ssa12CD was dramatically reduced (Fig. 3-7A). To determine if the refolding deficiency of
Ssa1-2CD is a product of reduced aggregation resolution or an inherent deficiency, I
then elected to include the yeast disaggregase Hsp104, an important factor in
aggregate resolution in vivo, to assist Hsp70 and Hsp40 in the reactivation of
aggregated proteins 58. After addition of this disaggregase to the chaperone mixture,
I found that while Hsp104 approximately doubled the final yield of FFL recovered for
all strains, there was still a significant defect in folding by Ssa1-2CD as compared to
Ssa1-WT and Ssa1-2CS (Fig. 3-7B). An equitable increase in the system as a whole
suggested that Hsp104 aided in the resolution of the aggregation resolution system,
possibly giving the Hsp70s more access to polypeptide strands, but that the inherent
deficiency of 2CD to properly assist in refolding was still a limiting factor. I again used
hydrogen peroxide as an oxidative stressor to examine the effects of unbalanced
oxidative stress that chaperone proteins may encounter in a cell. To determine the
effects of exogenous oxidation on refolding, I measured the final yield of recovered
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FFL after pre-exposure of Ssa1 alone to 1 mM hydrogen peroxide, and found that
there was a significant decrease in recovery by SSA1-WT after oxidation, while Ssa12CS and Ssa1-2CD interestingly exhibited increased folding with respect to their
untreated matched samples (Fig. 3-7C). I hypothesize that this may be due to a
secondary effect that shifts the conformation of Ssa1, such as oxidation of cysteine
15 or a previously unidentified methionine residue, but further inquiry is necessary.
However, because the observed increases occurred in both the serine and aspartic
acid mutants, these effects are likely independent of cysteines 264 and 303. The
oxidation state of thiol is reversible in the sulfenic acid state, reversible in the sulfinic
state with the help of a sulfiredoxin, and non-reversible at the sulfonic acid state of
maximum oxidation

138.

To examine the reversibility of the hydrogen peroxide-

incubated proteins, I also attempted to recover the refolding abilities of WT after
exogenous oxidation by treatment with the reductant dithiothreitol (DTT). I did not
observe significant restoration of refolding, possibly due to hyperoxidation of the thiol
moiety by hydrogen peroxide to a sulfinic or sulfonic acid, the former of which is
genetically modeled by the 2CD mutation (Fig. 3-7D).
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A.

B.

Figure 3-7: Mimicked and exogenous thiol oxidation negatively impact in vitro
protein refolding
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C.

D.

Figure 3-7: Mimicked and exogenous thiol oxidation negatively impact in vitro
protein refolding
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E.

Figure 3-7: Mimicked and exogenous thiol oxidation negatively impact in vitro
protein refolding
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Figure 3-7: Mimicked and exogenous thiol oxidation negatively impact in vitro
protein refolding (A) Firefly luciferase (FFL) recovery over time in the presence of
0.1 uM of the indicated Ssa1 protein and co-chaperones Ydj1 (0.2 uM) and Sse1
(0.05 uM), as described in detail in Materials and Methods. (B) End point
measurements of folding reactions including addition of 1 uM Hsp104. (C) End point
measurements of folding reactions using Ssa1 variants treated or not with 1 mM
hydrogen peroxide. (D) End point measurements of folding reactions, indicating the
respective protein and subsequent addition of exogenous compounds. (E) End point
measurements of folding reactions, indicating the respective protein additionally
added to reactions as in (A). Bolded horizontal bars indicate mean, and error bars
indicate SEM.
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In at least two prior reports, thiol modification or oxidomimetic substitution in
Hsp70 chaperones has generated increased holdase capacity, binding substrate
without ATP-regulated release, and therefore resulting in a negative effect on protein
refolding

122,123.

To assess the possibility that a C264/C303 oxidomimetic displays

similar negative properties, I titrated 0.2 uM additional Ssa1 or Ssa1-2CD into a preexisting chaperone cocktail containing 0.1 uM Ssa1, as well as subsequently doubling
co-chaperone ratios to ensure that competition was not a limiting factor. I found that
compared to Ssa1 alone, the Ssa1/Ssa1-2CD pool was hindered in refolding ability
(Fig. 3-7E). This suggests that the Ssa1-2CD oxidomimetic may non-productively
bind substrate and inhibit refolding. Dimerization of the proteins, caused by interprotein formation of disulfide bonds, may also cause a complication in determining
Hsp70 functionality, due to potential steric hinderance and limited mobility. To assess
the potential of Ssa1 dimerization via oxidative disulfide bond formation, I subjected
Ssa1 to treatment with 1mM hydrogen peroxide, but no altered migration in a nonreducing SDS-PAGE gel, indicative of dimer formation, was observed (Fig. 3-8A). To
ensure that the altered relationship between Hsp70 and nucleotide was inherent to
Ssa1, it was imperative to rule out the possibility that the cysteine oxidation was
alternatively affecting the interaction between Hsp70 and the co-chaperone Sse1 and
explore the possibility that basal Ssa1-2CD may refold protein as well as Ssa1-WT.
To do so, I tested whether reduced interaction with the NEF Sse1 contributed to the
deficiency in 2CD activity, but determined that even in reactions lacking Sse1, Ssa12CD was unable to refold FFL as efficiently as Ssa1 (Fig. 3-8B).
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A.

B.

Figure 3-8: The deficiency of the oxidomimetic Ssa1-2CD mutant is not
caused by dimer formation
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Figure 3-8: The deficiency of the oxidomimetic Ssa1-2CD mutant is not
caused by dimer formation
(A) Coomassie staining of Ssa1 WT after exposure to exogenous oxidants as
described in Materials and Methods, incubated both with and without the reductant
beta-mercaptoethanol (BME). (B) Firefly luciferase (FFL) recovery over time in the
presence of 0.1 uM of the indicated Ssa1 protein and the co-chaperone Ydj1 (0.2
uM), as described in detail in Materials and Methods. Bolded horizontal bars
indicate mean, and error bars indicate SEM. *, p<0.05; ns, not significant.
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Discussion
Using genetic mimics unlocks the ability to create a chronic impairment within
the isolated in vitro system that mirrors a modified thiol state. Those findings were
then corroborated by exogenous oxidation, a finding that boosted our confidence in
the genetic substitution model. Initial attempts to isolate proteins were unsuccessful
for several reasons, even when using expression plasmids and bacterial strains that
had been published as previous protocols. Even more interesting, it was found that
only a small portion of the eventual isolation pool was properly functional, but that this
was not acknowledged in several predecessor publications utilizing identical tools.
The unusable pool was able to be separated by anion exchange, suggesting that the
difference between the pools was inherent to the proteins and resulting in an unknown
modification or property that increased ionic binding strength. E. coli-expressed
proteins are not always a suitable method for large scale isolations of yeast proteins,
at least not without secondary assurances of function. With more than 400 potential
post-translational protein modifications, techniques such as mass spectrometry, ion
chromatography, and enzymatic assays may be employed to determine isolated
protein quality 139.
The data from chapter 3 directly implicate oxidative modification of cysteines
with the functionality of Ssa1. I was able to show a decrease in both nucleotide
binding and hydrolysis, as well as the inability to fully refold denatured protein
substrate. These deficiencies did not result from a disulfide bridge homodimer that
limited Ssa1 mobility, nor from the interaction with Sse1, suggesting that the
deficiency was due to an intra-protein malfunction. The sustained refolding deficiency
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in the presence of Hsp104 also suggests that it is not related to an impairment in
aggregate dissolution.
The difference in trypsinization profile between Ssa1-WT and Ssa1-2CD
suggests that each respective protein is conformationally different, in a way that
protects the SBD lid domain. The Ssa1-2CD profile mirrored what Ssa1-WT looked
like when bound to the non-hydrolyzable analog, in which Ssa1-WT would be in the
open conformation. If Ssa1-2CD is less able to bind ATP and when it does bind, also
to hydrolyze it, it stands to reason that Ssa1-2CD would spend a greater amount of
time in the open conformation even in the presence of ATP. In the open conformation,
the lid domain is interacting with the NBD, which perhaps protects several resides
that may be subjected to trypsinization, either by direct interaction or by lowered
exposure of the Hsp70-interacting face to the environment. Alternatively, the in-silico
modelling mentioned above shows the altered position of several key residues
involved with hydrolysis. It is also foreseeable that the amount of time involved in the
hydrolysis reaction increases in the Ssa1-2CD mutant, leading to a lowered total
threshold for hydrolysis capacity in a given time frame, a potentially looser attachment
to the ATP molecule, or an increased amount of time spent in the interim between
ATP binding and full ADP hydrolysis. Depending on conformational specifics, this
may cause conformations in Ssa1-2CD to be either open or closed, or perhaps in a
middle zone, where the lid domain is trypsinized as a whole and not degraded to
further sections due to intra-protein interactions, leading to stronger signal.
I was able to show that there is the opportunity for reversibility of oxidized
cysteines through thiol reduction, by a relatively increased refolding rate in Ssa1-WT
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treated with 20mM DTT after exposure to 1mM hydrogen peroxide. However, the
refolding deficiency was not fully recovered, suggesting that a large quantity of the
protein fraction was not recoverable after treatment with DTT. This lends credence to
the importance of reversibility in a stress-sensing system that utilizes cysteines. Overoxidation can result in irreversibility, which is toxic for substrate folding behaviors. The
prevention of over-oxidation by assistive chaperones and other stress-response
methods could be the difference between whether a cell recovers from injury or
succumbs to toxicity.
Altogether, the data in chapter 3 exhibit the effects of Ssa1 cysteine
modification in a closed system, resulting in a negative impact for several behaviors
that are directly linked to Ssa1’s role as a chaperone protein. In the following chapter,
I will expand on the role of Ssa1 cysteine modification in a living organism, using the
yeast model Saccharomyces cerevisiae.
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Chapter IV: In vivo analysis of Ssa1 cysteine modification
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Introduction
Although it is important for isolating the phenotype of mutants to reduce
compounding factors, in vitro experiments lack the complexity of a fully adaptive living
system. Thus, I extended the cysteine-to-serine and cysteine-to-aspartic acid
mutations into living yeast cells. Due to the ease of genetic manipulation in yeast, the
wealth of preceding work regarding yeast chaperone cysteine oxidation, and the lab’s
history of experience performing yeast assays, S. cerevisiae was an ideal choice.
Building upon the work of both our lab and the David Pincus laboratory at the
University of Chicago that elucidated the interactions of Hsf1 and Hsp70 and the
consequences for the heat shock response, this body of work also provided the
opportunity to find the mechanism of action of a result obtained by previous student
Yanyu Wang, which determined that the Hsp70 cysteines C264 and C303 were
responsible for triggering a previously known elevated heat shock response to
oxidative stress 51,78,89.
The yeast model also allowed the measurement of several protein-specific
functions of Ssa1, including the folding of nascent proteins, the refolding of damaged
proteins, and the degradation of chronically misfolded proteins. I leveraged the
reporter strain FFL-GFP for both enzymatic quantification and for visual determination
of protein aggregation, shown by GFP foci. This versatile reporter is useful for both
enzymatic quantification and visual imaging, as the firefly luciferase (FFL) protein
produces chemiluminescence when in the presence of the substrate luciferin and
ATP, and the GFP protein is a fluorescent tag that can be seen under a microscope.
FFL is also susceptible to heat denaturation and chemical denaturation, making it a
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helpful proxy for understanding cellular protein dynamics. FFL-GFP has been utilized
by our lab and by many others in nascent folding, refolding, and localization
experiments, as the chemiluminescence is a quantifiable reporter of protein
functionality and the GFP tag allows for visual determination of the protein location in
a cell 35,127,140–143. Additional tags can be added to FFL-GFP, such as nuclear export
and nuclear localization tags, that further increase the versatility of FFL-GFP 144.
As mentioned above, nascent proteins are especially susceptible to
environmental damage, as they have not yet formed the tertiary conformations that
internally envelope and protect hydrophobic resides from water molecules. Hsp70
recognizes a hallmark of these nascent proteins: a hydrophobic patch of residues
flanked by charged residues. Hsp70 then binds these patches and sterically shields
them from the environment. The binding, release, and subsequent rebinding of the
Hsp70 is also thought to assist in the folding of the protein itself, by introducing
activation energy into the folding system. That activation energy is also useful in the
refolding of proteins, through introduction of a pulling force called ‘entropic pulling’
145.

When proteins aggregate, Hsp70 can shield incorrectly folded patches within

misfolded proteins and by releasing the substrate, allow them to reform in a potentially
more functional state. That entropic pulling mechanism is dependent on the repeated
cycling of Hsp70, which the in vitro experiments suggest may be deficient.
As discussed in the introduction, Hsp70 interacts with the ubiquitination
machinery to assist in the degradation of proteins, by delivering chronically misfolded
substrate to Ubr2 (an E3 enzyme). Interestingly, recent literature showed Ssa1 to
have altered levels of degradative assistance efficiency, depending on substrate
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132.

Several substrates were not affected by Ssa1 presence or deletion, leading us to
choose the Ssa1-dependent substrate tGND-GFP for our degradation assays.
Oxidative stress is constitutively present in the environment, predominantly
due to the processes of the mitochondria leaking ROS into the cytoplasm. Exploration
of the consequences of oxidative stress within the cytoplasm is therefore a pertinent
necessity for understanding a circumstance that exists in humans, healthy or
otherwise. Relating that exploration to chaperone proteins and their functions in
protein homeostasis can serve as a foundation to understanding of the risks
threatening protein function. Non-functional proteins have the propensity to form
aggregates, and through connecting the dots between oxidation, protein
management systems, and protein health, I can better understand the environment
that creates protein-related disorders, such as Alzheimer’s disease and Parkinson’s
disease, both of which feature protein aggregation as a tenet of disease. In this
chapter, I determine the consequences of mimicked oxidation of Ssa1 cysteines
C264 and C303 using the ssa1-2CD mutant and find that the resulting yeast are
deficient in the nascent folding and refolding activity of FFL-GFP, unable to interact
with and repress Hsf1, and constitutively show elevated levels of chronically
misfolded substrate.
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Results
To complement our in vitro studies, I addressed consequences of Ssa1
oxidation through the genetic cysteine null and oxidomimetic Ssa1 mutants. I initially
attempted to express ssa1-2CD as the sole cytosolic SSA gene in a quadruple
ssa1ssa2 ssa3ssa4 deletion background

146.

The quadruple deletion strain

contained a wild type copy of SSA1 on a URA3-selectable plasmid and was
subsequently transformed with a HIS3-selectable plasmid expressing wild type SSA1
or the ssa1-2CS or ssa1-2CD mutants. A plasmid shuffle technique was used to
selectively isolate colonies that possessed only the HIS3 plasmid via plating on 5fluoroorotic acid (5-FOA) media. Any colonies that possessed the URA3 gene would
be able to create a toxic by-product from 5-FOA present in the media and limit their
own survival, ensuring that only colonies that no longer contained the URA3selectable plasmid and only the HIS3-selectable plasmid would be obtained.
Surprisingly, all recovered yeast colonies expressing SSA alleles after this selection
process grew at identical rates when plated (Fig. 4-1A), inconsistent with the slowgrowth phenotype previously reported for the ssa1-2CD mutant

89.

This occurrence

caused us to probe further into the genotypes of transformants to ensure proper
transformation. Sequencing of the recovered HIS3-marked plasmid revealed that the
ssa1-2CD allele had converted to the wild type sequence encoding the original
cysteine residues (Fig. 4-1B). I hypothesize that this unexpected genotype was due
to a recombination event between the two plasmids, whereby the likely inability of
ssa1-2CD to function as the sole expressing cytosolic SSA gene resulted in selection
for rare allele exchange events (Fig. 4-1C). The occurrence of this event was
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interesting, as I had also noticed that colonies that I had expected to contain the ssa12CD allele (but actually contained the wild type allele) usually did not appear for
multiple days after the ssa1-2CS allele transformants, suggesting that the increased
time was necessary to increase the likelihood of the assumed event. After several
attempts resulting in either no viable colonies or only allele-exchanged colonies, I
concluded that the ssa1-2CD allele is incapable of sustaining viability as the sole
cytosolic SSA isoform due to the functional defects demonstrated in Chapter 3.

80

Figure 4-1: The oxidomimetic ssa1-2CD mutant is incapable of supporting
viability as the sole cytosolic SSA gene
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Figure 4-1: The oxidomimetic ssa1-2CD mutant is incapable of supporting
viability as the sole cytosolic SSA gene (A) 48-hour 5-fluoroorotic acid (5-FOA)
plate growth of the indicated HIS3-selective plasmid, in an ssa1 ssa2 ssa3 ssa4
deletion background demonstrating unexpected wild type growth for the ssa1-2CD
mutant. (B) Sequencing analysis of the introduced HIS3-selective plasmid (original)
and the recovered plasmid extracted from the colonies shown in (A), demonstrating
reversion of the aspartic acid-encoding codon GAT to the original cysteine-encoding
codon TGT. Only the region surrounding C264 is shown for simplicity. (C) Proposed
recombination mechanism to explain the gene reversion event during the plasmid
shuffle process.
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I elected to continue with oxidomimetic expression in vivo in an ssa1 ssa2
deletion background, where Ssa3/4 are present at low levels to support viability, but
cell growth is still significantly impaired in non-stressed conditions

89.

This genetic

background had also been utilized previously 89. I additionally wanted to ensure that
expression of the wild type and mutant alleles best represented natural levels and
examined different heterologous promoters for suitability. I found that SSA1 allele
expression from the weak CYC1 promoter on centromeric (CEN) yeast expression
vectors resulted in diminished growth for all genotypes, suggesting general Ssa
protein insufficiency. However, expression from the stronger CEN-TEF vector
backbone resulted in normal growth for SSA1 and ssa1-2CS strains, while the ssa12CD and empty-vector control both grew at stunted rates that were similar to each
other and consistent with previous reports (Fig. 4-2A, 4-2B and 4-2C) 89.
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A.

B.

Figure 4-2: The thiol oxidomimetic ssa1-2CD allele displays slowed growth
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C.

Figure 4-2: The thiol oxidomimetic ssa1-2CD allele displays slowed growth
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Figure 4-2: The thiol oxidomimetic ssa1-2CD allele displays slowed growth (A)
16-hour growth curve of parent strain DS10, ssa1 ssa2, and wild type SSA1 driven
by the indicated promoter in a ssa1 ssa2 background. (B) 16-hour growth curve of
DS10 and indicated SSA1 allele expression driven by the TEF promoter, in an ssa1
ssa2 background. (C) 48-hour plate growth of each indicated SSA gene driven from
the weak CYC1 promoter and the stronger TEF promoter in the ssa1 ssa2
background.
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Immunoblots confirmed that Ssa1 protein levels were expectedly lower driven
from the CYC1 promoter in ssa1∆ ssa2∆ cells as compared to the DS10 parent strain
(Fig. 4-3 A,B). Intriguingly, TEF-driven Ssa1 protein levels were similar between
SSA1, ssa1-2CS, and the parent DS10 strains, but the ssa1-2CD allele clearly
produced lower levels of Ssa1-2CD protein (Fig. 4-3 A,B). I reasoned that Ssa1-2CD
expression was either being actively curtailed or that the mutation resulted in a protein
more susceptible to degradation. To test protein stability, I treated cells with the
protein translation inhibitor cycloheximide and tracked the existing pool of Ssa1 from
each allele by immunoblot, finding that Ssa1-2CD was stable over the course of 3 hr
(Fig. 4-3C). Additionally, Ssa1-2CD did not partition into the insoluble fraction to an
extent greater than Ssa1 or Ssa1-2CS (Fig. 4-3D). Thus, the Ssa1-2CD protein was
both stable and non-aggregated in the cytosol relative to wild type Ssa1. These
results led us to the conclusion that steady state Ssa1-2CD levels might be restricted
in actively growing cells but that the protein itself was not inherently destabilized by
the cysteine to aspartic acid substitutions, relative to wild type Ssa1.
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A.

B.

Figure 4-3: Expression of the Ssa1-2CD protein is restricted relative to wild type
Ssa1 and Ssa1-2CS
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C.

D.

Figure 4-3: Expression of the Ssa1-2CD protein is restricted relative to wild type
Ssa1 and Ssa1-2CS
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Figure 4-3: Expression of the Ssa1-2CD protein is restricted relative to wild type
Ssa1 and Ssa1-2CS (A) Relative protein expression of each indicated Ssa1 protein
from the wild type strain DS10, or the respective CYC1 or TEF plasmid in the ssa1
ssa2 background. (B) Quantification of the relative levels of each indicated protein
compared to expression in the DS10 background. (C) Immunoblot cycloheximide
chase analysis to monitor protein stability over time of each indicated protein driven
from the TEF promoter, in the ssa1 ssa2 background. Bolded horizontal bars
indicate mean, and error bars indicate SEM. (D) Differential centrifugation of the
respective Ssa1 protein, reported as percentage of total Ssa1 in the supernatant
fraction as assessed by SDS-PAGE and immunoblot.
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Our in vitro experiments indicated that Ssa1-2CD inhibited protein folding in
the presence of wild type Ssa1. I noted that culture growth rates of the ssa1-2CD
strain were slower than even the empty vector ssa1∆ ssa2∆ control strain, suggesting
that expression of the Ssa1-2CD protein at even moderate levels was more
detrimental than having no Ssa1 at all (Fig. 4-2B). To further explore this
phenomenon, I expressed all SSA1 alleles from the strong GPD promoter on a 2µ
vector backbone

147.

This level of overexpression of SSA1 and ssa1-2CS reduced

growth rates to a level similar to the empty vector background control, consistent with
previous reports that chaperone overexpression can be deleterious (Fig. 4-4)

55.

However, overexpression of the ssa1-2CD allele resulted in near-total cessation of
growth despite the presence of Ssa3/4 in this background, indicating overexpression
toxicity beyond the inability to complement loss of Ssa1/2 functions.

91

A.

Figure 4-4: Overexpression of ssa1-2CD severely restricts growth
(A) 96-hour plate growth of each indicated SSA gene driven from the strong GPD
promoter in the ssa1 ssa2 background.
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Ssa1 has been recently shown by our laboratory and others to act as a
repressor of the heat shock response transcription factor Hsf1 through physical
association with both the amino- and carboxyl-terminal transcriptional activation
domains

10,51,78.

Our lab has previously published that thiol-modifying compounds

induce a heat shock response in SSA1, but not ssa1-2CS, cells

89.

Consolidating

these findings, I hypothesized that thiol stress alters C264 and C303 within Ssa1,
inactivating the chaperone and resulting in release of Hsf1 and subsequent induction
of the HSR. This parallels the basic concept of heat shock induction, whereby through
a mechanism of Ssa1 alteration, the repressive action of Hsp70 to prevent heat shock
gene induction by Hsf1 is lessened, freeing Hsf1 to be activated and express the
genes under its control. While the current model assumes indirect de-repression
through titration of Ssa1 by what seem to be higher affinity to misfolded protein
substrates, our proposed method of action is instead a direct modification of Ssa1.
I first confirmed that the HSR was chronically activated in the ssa1-2CD strain
utilizing an Hsf1-responsive HSE-lacZ reporter (Fig. 4-5A). This reporter has been
utilized in several publications from our lab, and uses a high-resolution Beta-Glo
measurement to assure reliable quantification

10,89,148.

The Beta-Glo reagent is an

indicator of beta-galactosidase activity. When beta-galactosidase production is under
control of a promoter that contains a heat shock element, it is then an indicator for
Hsf1 activity, and a measurable proxy for the heat shock response that can be read
using a high-resolution luminometer. Ssa1 represses Hsf1 through the substratebinding domain, while the cysteine substitutions are within the nucleotide-binding
domain, leading me to hypothesize that the interaction between Hsf1 and Hsp70
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would not be compromised by our serine substitutions

84.

As expected, ssa1-2CS

cells exhibited appropriate HSR repression, verifying that the endogenous cysteines
are not required for Ssa1 to function as a repressor of Hsf1. As shown in Figure 4-3,
the steady-state expression levels were higher for WT and ssa1-2CS when driven by
the moderately-expressive TEF promoter, but levels between protein expression
were comparable if driven by differentially expressing promoters. Thus, to test our
hypothesis that Ssa1-2CD is defective in Hsf1 association, Hsf1-GFP-FLAG was coexpressed in cells containing either CYC1-driven SSA1 and ssa1-2CS or TEF-driven
ssa1-2CD alleles to control for differential Ssa1 protein levels, and coimmunoprecipitations were performed. Both Ssa1 and Ssa1-2CS associated with
Hsf1, but no detectable signal was observed for Ssa1-2CD (Fig. 4-5 B,C). None of
the Ssa1 proteins were found to associate with the GFP-FLAG control, confirming
specificity of Hsf1 binding. These data indicate that the oxidomimetic Ssa1-2CD is
unable to productively bind the bipartite contact sites on Hsf1 and provide a molecular
mechanism to explain oxidative stress sensing by Hsf1 via Cys264/303 of Ssa1.
Hsp70 proteins are critical factors for ensuring proteostasis

18.

Their actions are

heavily dependent on the conformational cycling ensured by the relationship between
Hsp70, its co-chaperones, and nucleotide hydrolysis. Due to the disruption of this
relationship demonstrated in Chapter 3, I hypothesized that mimicked cysteine
oxidation would have negative consequences for Hsp70 protein surveillance
activities.
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A.

B.

Fig. 4-5. Ssa1-2CD fails to bind and repress the heat shock regulator Hsf1
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C.

Fig. 4-5. Ssa1-2CD fails to bind and repress the heat shock regulator Hsf1 (A)
HSE-lacZ activity of strains containing wild type and mutant SSA1 alleles grown at
30C. To normalize Ssa1 protein levels, SSA1 and ssa1-2CS were expressed from
the CYC1 promoter and ssa1-2CD from the stronger TEF promoter. (B) Coimmunoprecipitation of tagged Hsf1-GFP-FLAG or GFP-FLAG control and the
indicated Ssa1 proteins. (C) Quantification of assay detailed in (B), normalized for
load and measured as the ratio of signal compared to WT. Bolded horizontal bars
indicate mean, and error bars indicate SEM.
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Data presented in Chapter 3 demonstrate that the Ssa1-2CD protein or
exogenously oxidized Ssa1 are defective in functional protein refolding. To
complement the in vitro folding assays, I co-expressed with the SSA1 alleles a
previously generated and well documented firefly luciferase (FFL)-GFP fusion protein
known to require the Hsp70 chaperone system for folding in living cells

127,140.

Used

in earlier assays, FFL has the benefit of quantitative reporting of function, by
measuring the chemiluminescence activity of interaction with its substrate luciferin.
Additionally, this fusion protein tagged the FFL with GFP, allowing the visual
localization of FFL in live cells without disrupting the chemiluminescent function of
the FFL. To monitor de novo folding of nascent polypeptides, I utilized the methioninerepressible promoter of the FFL-GFP plasmid to induce expression of FFL in log
phase cells, by removing the methionine that halted earlier expression 140. FFL activity
was measured by luciferase assay over the course of 90 min. The ssa1-2CS mutant
was able to fully complement the de novo folding defect observed in ssa1∆ ssa2∆
cells relative to cells expressing SSA1 while the ssa1-2CD mutant was significantly
defective (~ 60% of wild type luciferase activity) (Fig. 4-5A). To account for the lower
abundance of Ssa1-2CD, I also examined de novo folding activity in a CYC1-SSA1
strain and found that this reduced level of expression still maintained higher FFL
activity than observed in the TEF-ssa1-2CD background, indicating that absolute
protein levels do not explain the reduced capacity for FFL folding seen with Ssa12CD (Fig. 4-6B).
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A.

B.

Figure 4-6: ssa1-2CD is unable to complement ssa1-WT in the folding of de
novo proteins
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Figure 4-6: ssa1-2CD is unable to complement ssa1-WT in the folding of de
novo proteins (A) End point de novo folding ability of SSA1 or mutant ssa1 alleles
as measured by luciferase activity assay, monitored over 90 min. (B) de novo
expression of FFL-GFP. Bolded horizontal bars indicate mean, and error bars indicate
SEM.
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Misfolded proteins are known to aggregate in concert with protein chaperones,
including sequestrases and disaggregases, and can be visualized in vivo using
fluorescent tagging approaches

149,150.

To examine the status of properly folded and

potentially misfolded FFL, overnight cultures of SSA1, ssa1-2CS, ssa1-2CD and a
vector control containing the FFL-GFP expressing plasmid were visualized using
fluorescence microscopy. Micrographs displaying representative images show that
FFL-GFP was found to be fully soluble in SSA1 and ssa1-2CS strains while ssa12CD and the vector control exhibited large foci, visible as fluorescent puncta that were
present in a significantly higher percentage of cells (Fig. 4-6 A, B). As an additional
orthogonal approach to complement our in vitro findings, I determined the ability of
each strain to refold heat-denatured substrate. Log-phase cells were washed to
remove methionine and induce FFL-GFP expression to generate a pool of substrate.
Cycloheximide was then added to prevent additional FFL-GFP expression and
steady-state luminescence activity was measured. Cellular FFL-GFP was denatured
by incubating cultures at 42˚C, followed by a recovery period at 30˚C. Cells were then
visualized by fluorescence microscopy and luminescence was determined. All strains
contained puncta immediately after heat shock, and while SSA1 and ssa1-2CS
strains resolved FFL-GFP aggregates, ssa1-2CD and the empty vector control failed
to do so (Fig. 5D). These results were mirrored when FFL enzymatic activity was
examined, with the ssa1-2CD and the empty vector control only managing to restore
approximately 50% of original pre-heat shock FFL-GFP activity (Fig. 5E).
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A.

B.

Fig. 4-7: The ssa1-2CD mutant exhibits multiple deficiencies in proteostasis
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C.

Fig. 4-7: The ssa1-2CD mutant exhibits multiple deficiencies in proteostasis
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D.

Fig. 4-7: The ssa1-2CD mutant exhibits multiple deficiencies in proteostasis
(A) Images representing FFL-GFP fluorescence in SSA1 or ssa1 mutant strains
grown overnight at 30C. (B) Quantification of (A) in terms of foci per cell. Each data
point represents percentage of cells containing foci from a minimum of 50 cells per
replicate. (C) Schematic of FFL-GFP recovery assay and representative micrographs
detailing SSA1 and mutant SSA1 strains at 0 and 90 min after initiation of
cycloheximide chase. Number of cells containing foci are shown as an inset
percentage. (D) Quantification of assay detailed in (C), measured as the percentage
FFL-GFP chemiluminescence activity at t90 in SSA1 and respective ssa1 mutant
strains, relative to the same sample at t0. Bolded horizontal bars indicate mean, and
error bars indicate SEM.
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Taken together, these data indicate that the mimicking of chronic oxidation of
Ssa1 cysteines 264 and 303 dramatically undermines general proteostasis, with
negative consequences for the proper folding of nascent translating polypeptides and
the re-folding of stress-denatured proteins. Chaperones, most notably the Hsp70s,
are tightly integrated into the protein quality control system and selectively regulate
protein degradation via presentation of substrate to ubiquitin ligases

132.

Though

Hsp70s are not involved in the direct degradation process, their assistance in the
degradation system can be measured by proxy using direct protein surveillance
techniques. To investigate how thiol modification of Ssa1 cysteines affects
degradation of misfolded proteins, I utilized a well-characterized substrate, tGNDGFP

132,151.

This artificial construct contains a truncated version of the Gnd1 protein

fused to GFP that results in an unfoldable substrate with defined kinetics of
degradation through the ubiquitin-proteasome pathway

132,151.

I first attempted

several chronically misfolded protein models that did not have an Ssa1 dependence,
including CPY-GFP and GFPNLS-VHL (Fig. 4-8E). The Hampton lab published a
paper detailing the varied dependence on Ssa1 for degradation of specific substrates,
indicating that one chronically misfolded protein substrate with clear Ssa1
dependence was tGND-GFP 132. I then expressed tGND-GFP in the presence of the
SSA1 alleles and observed a greater than two-fold increase in steady state levels of
the substrate by immunoblot in the ssa1-2CD and vector control strains (Fig. 4-7A, 47B). This indicated that in the absence of stress, the concentration of the chronically
misfolded tGND-GFP was more than twice as high in the ssa1-2CD strain than in the
SSA1 strain. To determine the status of accumulated tGND-GFP, log phase cells
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were treated with cycloheximide to stop further synthesis and imaged by fluorescence
microscopy. Representative micrographs show the presence of tGnd1-GFP foci
presence in all strains at t0, indicating that misfolded protein was sequestered into
protein aggregates (Fig. 4-7C). After 90 min, foci remained in a significantly higher
amount of ssa1-2CD and vector control cells compared to SSA1 and ssa1-2CS cells,
where foci were largely eliminated, indicative of impaired substrate processing and
degradation (Fig. 4-7C, 4-7D). Taken together, these data support the conclusion that
Ssa1 cysteine oxidation, as mimicked by aspartate substitution, renders the
chaperone defective in promoting the degradation of terminally misfolded substrates.
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A.

B.

Fig. 4-8:

Degradation of the misfolded protein tGND-GFP is chronically

impaired in ssa1-2CD cells
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C.

D.

Fig. 4-8:

Degradation of the misfolded protein tGND-GFP is chronically

impaired in ssa1-2CD cells
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E.

Fig. 4-8:

Degradation of the misfolded protein tGND-GFP is chronically

impaired in ssa1-2CD cells
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Fig. 4-8:

Degradation of the misfolded protein tGND-GFP is chronically

impaired in ssa1-2CD cells (A) Western blot analysis of steady state levels of the
chronically misfolded protein tGND, co-expressed with SSA1 or mutant ssa1 alleles
taken from cells in log phase. (B) Quantification of signal in A, measured as fold
change of each mutant allele relative to SSA1, from three replicate blots. (C)
Representative images of cycloheximide chase, monitoring tGND-GFP foci presence
over 90 min for each respective allele. (D) Quantification of images in C, with each
data point representing a percentage of cells containing foci from a minimum of 50
cells per replicate. Bolded horizontal bars indicate mean, and error bars indicate
SEM. (E) Western blot analysis of steady state levels of the chronically misfolded
protein GFPNLS-VHL, co-expressed with SSA1 or mutant ssa1 alleles taken from cells
in log phase.
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Discussion
The attempts to isolate Ssa1-2CD were not successful, but it did reveal how
detrimental the irreversible oxidation of cysteines 264 and 303 are for the
homeostasis of growing cells. When the SSA1 genes were driven from the CYC1
promoter, the growth was globally slowed, but also comparable between all strains.
When the genes of interest are driven from the TEF promoter, the concentration of
Ssa1-WT and Ssa1-2CS in the cell were increased, while Ssa1-2CD remains at a
comparable level to when it was produced by the CYC1 promoter. Altogether, this
suggests a threshold of Ssa1 protein abundance whereby when the presence of Ssa1
is below that threshold, the cell is not globally affected by the mimicked oxidation of
cysteines any more than a reduced cysteine. When only a small amount of Ssa1 is
produced, phenotypes are masked by the relatively low amount and potential
remediation by intracellular operations, and all strains are identical in growth
deficiency. However, when Ssa1 production is above that threshold, the behavior of
Ssa1 affects the cell either positively (as with WT and Ssa1-2CS) or negatively (as
with Ssa1-2CD), and the implications of the negative behavior are such that the
concentration is lowered back below that threshold. As the Ssa1-2CD protein is stable
over time (Figure 4-3C) and is not subject to insolubility (Figure 4-3D), it is likely
through direct action by the cell that the concentration is lowered below the threshold
of affectation.
The inability to fully bind to and repress Hsf1 is a very interesting result. Recent
published data explored the link between cytosolic misfolded protein and the titration
of Hsp70 away from Hsf1, stimulating the heat shock response. However, the binding
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to both Hsf1 and misfolded protein substrates is done by the SBD of Hsp70s. This
suggests a higher affinity for misfolded proteins than for Hsf1, which was found by
the Andreasson lab to be predominantly the misfolding of nascent proteins

84.

Once

there is no more high-affinity substrate, Hsp70 returns to bind Hsf1 and terminates
the stress response. Our results mirror this mechanism of action, but stem from a
direct Hsp70 modification. Interestingly, it is a modification of the NBD that is affecting
the affinity of the SBD to Hsf1. However, the mechanism of action necessitates a
release of Hsf1 in order to stimulate the stress response, and several oxidative
stressors were shown to directly elevate HSR expression

89.

Our lab first

demonstrated how celastrol, a Chinese herb, stimulated the heat shock response as
well as a battery of antioxidant defense genes under the control of Yap1, an oxidant
defense transcription factor

39.

Continuing that research, our lab then showed that

Hsf1 activity was directly stimulated by several thiol modifying compounds and that
the response was ameliorated by excess thiol treatment, also connecting the
reactivity of the response to the two cysteines of interest in Ssa1, C264 and C303,
which were found to be sensitive to thiol modification

89.

Our lab then expanded the

details of Hsf1 regulation by Hsp70 through the identification of a secondary Hsp70
binding site in the N-terminal activation domain, and demonstrated how abolishing
these two Hsp70 regulatory sites resulted in dysregulation of the heat shock response
10.

Thus, it corroborates the allosteric changes seen in Chapter 3 that an oxidomimetic

within the NBD is able to alter the affinity of Hsp70 for Hsf1 through conformational
change to the SBD or through altered relationship with nucleotide, affecting binding
kinetics. Several similar studies in Ssa1 homologues have argued that Hsp70s with
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cysteine modifications have the propensity to go from a ‘foldase’ that actively
promotes protein folding to a ‘holdase’ that binds to and protects misfolded substrate,
drastically slowing the release 122,152. I posit that these examples of NBD modification
affecting SBD kinetics mirrors what is also seen in our data, resulting in a lowered
Hsf1-binding affinity.
Our in vitro data also suggests a deficiency in many primary roles of Hsp70
regarding protein homeostasis. Cells expressing ssa1-2CD were significantly less
able to correctly fold FFL-GFP de novo, or to refold aggregates of the same protein
after heat-induced misfolding. Additionally, levels of chronically misfolded protein
substrate were constitutively elevated in ssa1-2CD cells. Leading from the data, this
defect may be multi-pronged in its root cause. The data in Chapter 2 demonstrates a
clear deficiency in the ability of Ssa1-2CD to optimally engage with nucleotide, which
results in a global lowering of the rate of chaperone cycling, and a slowed ability to
go through the iterative conformational cycle that is the cornerstone of Ssa1’s role in
protein homeostasis. Additionally, the purported transition from a ‘foldase’ to a
‘holdase’ may lengthen the time spent binding each individual peptide, slowing the
rate of comparative protein folding between the strains. Chronic stimulation of the
heat shock response through the inability of the Ssa1-2CD mutant to repress Hsf1
activity also leads to chronically decreased functional transcription through premature
termination

153.

Reversibility of the cysteine sensor is tantamount to proper defense

as a non-modifiable Ssa1-2CS may not be able to detect oxidative stress and respond
with de-repression of Hsf1, while the Ssa1-2CD is mimicking an irreversible oxidative
stress detection signal, which has been linked to elevated unfolded protein response

112

stimulation in the endoplasmic reticulum in multiple myeloma cells, through
overlapping signal pathways

154.

Constitutive induction of the unfolded protein

response may lead to cell death though apoptosis 155. Altogether, the consequences
are sub-optimal for exponential growth of a cell, but may be beneficial to a cell that is
exposed to stress. By limiting functional protein propagation through the elongated
binding of polypeptides, the cell minimizes the chances that incorrectly folded,
potentially toxic proteins are formed, which may further exacerbate the stress. The
potential reversibility of the cysteine modification allows for reversal of Ssa1’s
functionality once the redox imbalance has been restored and the cysteine is able to
be reduced again, terminating the multi-protein stress response.
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Chapter V: Explorations of chaperone cysteines within the OxiMouse
Database
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Introduction
Oxidation is particularly important to cellular health through the progression of
aging, as cells undergo a sudden redox collapse as they advance in lifespan

156.

However, it is not certain as to whether aging is a consequence of oxidative stress,
or vice-versa

157.

For many decades, it has been postulated that damage to

macromolecules by oxidative stress is sustained to a point of imbalance that is
phenotypically seen as the weathering of cells, or ‘aging’

158.

Neurodegeneration is

also heavily implicated with both aging and imbalance of protein management
systems, making the redox state of chaperone systems and thus the impact of redox
on function, a link of utmost importance. Understanding the impact of cysteine
oxidation state within proteins is critical for research that aims to prevent, protect, or
reverse the proteomic damages seen to correlate with aging.
In recent years, databases have been compiled that explore cysteine oxidation
within the complete proteome of various organisms, such as compilations of the yeast
redoxome by the Jakob lab and the Toledano lab
techniques, such as

14C

159–162.

The use of labeling

labelling of the thiol-modifying compound NEM and the

12C

labelling of the thiol-modifying isotope-coded ICAT affinity tag (OxICAT), allows
researchers to monitor the redox state of protein thiols in their native environment.
However, one detractor in redox identification studies has been the lack of
quantification regarding the percentages of oxidized thiols relative to the entire pool
of that specific protein

163.

However, a recently published model of proteomic

oxidation, dubbed OxiMouse, has illustrated a comprehensive and quantitative
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mapping of the cysteines within the mouse proteome, in vivo

159.

The OxiMouse

system was developed by using non-hydrolyzable, irreversible, cysteine-alkylating
phosphate ‘warheads’ (CPTs), allowing for purification by IMAC

159.

To measure

percentage of reversible/irreversible oxidation within a specific protein species, the
authors used a selective labeling technique coupled with the CPT to discern redox
states. The researchers then took the data further by examining the differences in ten
different types of tissue, and comparing each between young and old mice.
Quantitatively, the researchers isolated 34,000 total unique cysteine sites, in 9,400
unique proteins, in mice that were either 16 weeks or 80 weeks old, in 5 biological
replicates, the entirety of which can be found at https://oximouse.hms.harvard.edu. I
elected to take a deeper look into the OxiMouse database and deduce the redox state
of proteins that are relevant to my Ssa1 data. Specifically, I wanted to quantifiably
explore the thiol oxidation state of Hsp70 and structurally similar Hsp110 proteins, in
regards to young versus old mice, in each tissue type.
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Results
Building on the work of the Chouchani lab, I was able to draw conclusions
about the in vivo redox state of several chaperone proteins in mice that are
homologous to the proteins of interest in the previous chapters. I began by parsing
through the database and collecting the relevant cysteine information from every
Hsp70 and Hsp110 that was present. To deduce which cysteines were significantly
more oxidized in old mice versus young (significant cysteine oxidation events), I set
a threshold of old/young greater than or equal to 1.5x-fold higher cysteine oxidation
for each site (a minimum 50% increase). The cysteines of interest are shown in the
table below:
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Table 5-1: Cysteines events of interest in the OxiMouse database

Cysteine of interest

Protein
Family

Location
cytosol, nucleus,
lysosomes

Constitutive/Induced
constitutive

70

cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus

constitutive
constitutive
constitutive
constitutive

70
70
70
70

HSPA1B C603

cytosol, nucleus, lysosome
cytosol, nucleus, lysosome
cytosol, nucleus, lysosome
cytosol, nucleus, lysosome

stress induced
stress induced
stress induced
stress induced

70
70
70
70

HSPA5 C42 (BiP)

ER

constitutive

70

HSPA9 C66

mitochondria
mitochondria
mitochondria
mitochondria
mitochondria

constitutive
constitutive
constitutive
constitutive
constitutive

70
70
70
70
70

cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus

constitutive
constitutive
constitutive
constitutive
constitutive
constitutive
constitutive

110
110
110
110
110
110
110

cytosol, nucleus
cytosol, nucleus
cytosol, nucleus

constitutive
constitutive
constitutive

70
70
70

cytosol, nucleus
cytosol, nucleus

constitutive
constitutive

110
110

HSP1AL C605
HSPA2 C18
HSPA2 C191
HSPA2 C577
HSPA2 606
HSPA1B C17
HSPA1B C306
HSPA1B C574

HSPA9 C317
HSPA9 C366
HSPA9 C487
HSPA9 608
HSPA4L C140
HSPA4L C167
HSPA4L C245
HSPA4L C270
HSPA4L C310
HSPA4L C417
HSPA4L C540
HSPA8 C17
HSPA8 C574
HSPA8 C603
HSPA4 C140
HSPA4 C167
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HSPA4 C417

cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus

constitutive
constitutive
constitutive
constitutive
constitutive

HSPA1A C603

cytosol, nucleus,
lysosomes

stress induced

72

cytosol, nucleus
cytosol, nucleus
cytosol, nucleus

unsure
unsure
unsure

70
70
70

cytosol
cytosol
cytosol
cytosol
cytosol
cytosol

stress induced
stress induced
stress induced
stress induced
stress induced
stress induced

70
70
70
70
70
70

cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus
cytosol, nucleus

constitutive
constitutive
constitutive
constitutive
constitutive
constitutive
constitutive

70
70
70
70
70
70
70

HSPA4 C213
HSPA4 C245
HSPA4 C270
HSPA4 C310

HSPA12A C80
HSPA12A C246
HSPA12A 564
HSPA14 C89
HSPA14 C304
HSPA14 C335
HSPA14 C394
HSPA14 C440
HSPA14 C492
HSPA12B C36
HSPA12B C194
HSPA12B C250
HSPA12B C321
HSPA12B C365
HSPA12B C570
HSPA12B C595

110
110
110
110
110

Table 6-1: Cysteines events of interest in the OxiMouse database
Cysteines identified as modified within the Hsp70 and Hsp110 categories of the
mouse proteome. Unique cysteine sites are listed, followed by the predominant site
of protein localization, the state of protein induction, and the specific protein category
(70/110).
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The OxiMouse database consists of data from ten tissue types: lung, epithelial
tissue (epi), liver, brain, heart, brown adipose tissue (BAT), spleen, kidney,
subcutaneous adipose tissue (SubQ), and skeletal muscle tissue (SKM). With our lab
fundamentally based in yeast cell biology that links to neurodegeneration, I elected
to examine significant oxidation events as a product of Hsp70 vs Hsp110 in each
tissue type. Aging impacts the entire organism, but the structural impact of aging and
disease presentation is very dependent on tissue type. In 8 out of 10 tissue types,
there was a larger number of significant cysteine oxidation events in Hsp70s than
Hsp110s, with the only two tissue types had more Hsp110 cysteine oxidation events
being the brain and the liver (Figure 5-1). The highest total significant oxidation events
occurred in the brain and the epithelial tissue. The lowest total significant oxidation
events occurred in the heart and skeletal muscle tissue. Next, I quantified which of
the significant oxidation events occurred in constitutively expressed proteins versus
stress-induced proteins. The vast majority of oxidation events in all tissue types
occurred in constitutive proteins, with no stress-induced oxidation events occurring at
all in brown adipose tissue, kidney tissue, and epithelial tissue (Figure 5-2). Single
events were seen in heart tissue, spleen tissue, and subcutaneous fat tissue. The
most abundant stress-induced events occurred in the brain.
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A.

Figure 5-1: Significant oxidation events occur more frequently in Hsp70 than
Hsp110 (A) Significant cysteine oxidation events (>1.5-fold increase in young/old
populations) in Hsp70s (blue) or Hsp110 (black), for each respective tissue type.
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A.

Figure 5-2: Significant oxidation events occur more frequently in constitutively
expressed Hsp70s than in stress-induced Hsp70s (A) Significant cysteine
oxidation events (>1.5-fold increase in young/old populations) in stress-induced
proteins (blue) or constitutively expressed proteins (black), for each respective tissue
type.
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The Ssa1 cysteines of interest in the previous chapters are both within the
nucleotide binding domain. That localization was the premise for the underlying
hypothesis that the phenotypic deficiency stemmed from the interaction between
Ssa1 and nucleotide. Here, I compared the localization of the significant cysteine
events of the brain as a product of the functional domain of the respective proteins,
quantifying the number of events in the nucleotide binding domain, and each
respective component of the substrate binding domain (Figure 5-3). Hsp70s and
Hsp110s have a very similar structure, except for a series of extensions within the
Hsp110 family, so comparing their structures may offer insights to how these general
domains are affected by cysteine oxidation. By a small margin, there are more
oxidation events that occur in the nucleotide binding domain than the entirety of the
substrate binding domain, and only a single oxidation event occurs in the SBD ‘lid’
domain (Figure 5-3). The total events are: NDB (8), SBD (1), and SBD (6).
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A.

Figure 5-3: Cysteine oxidation events within the Hsp70 and Hsp110 proteins of
brain occur more frequently in the NBD than the SBD (A) The total number of
cysteine oxidation events occurring in the Hsp70 and Hsp110 proteins of the
OxiMouse brain tissue, as categorized by functional domain. Nucleotide binding
domain events are shown in green, substrate binding domain- is shown in blue and
substrate binding domain- is shown in orange.
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Discussion
The benefit of a cohesive quantification of an organism’s full proteome cannot
be overstated. Introducing such complexities as tissue type and age difference
creates a diligent assessment of the role that oxidation plays in tissue-specific
proteome breakdown and disease manifestation around the body. Specifically
exploring Hsp70s and the structurally-similar Hsp110s allows me to draw
comparisons between my work and the proteome of other eukaryotes. With
neurodegenerative disease being correlated to oxidative imbalance, it is important to
understand key sites of oxidation that are present in the proteostatic machinery over
time. Exploring the significant oxidation sites of Hsp70s and the structurally similar
Hsp110s within mouse tissues creates an in-depth assessment of the oxidative state
of resident cysteines, and the effects on the domain architecture that they reside in.
In Figure 5-1, the quantification is diverged in two directions: the number of
oxidation events in each tissue type, and the distinction between occurring within an
Hsp70 or an Hsp110 for each event. By sheer number, the oxidation events occur
much more frequently in Hsp70s than Hsp110s. In fact, there are only two Hsp110
proteins that contain significant oxidation events, compared to ten Hsp70 proteins.
There are 84 Hsp70 oxidation events across tissues and 13 Hsp110 events, giving
an average of 8.4 events/affected protein for Hsp70s and 6.5 events/affected protein
for Hsp110s, a surprisingly comparable metric considering the lower total population
of affected Hsp110s.
It is also very interesting to notice the spread of oxidative events across tissue
types. Skeletal muscle tissue, heart tissue, and subcutaneous adipose tissue had
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lower occurrences of oxidative events than the other tissues, with nearly one third of
the occurrences in brain and epithelial tissue. One possible reason for the differing
levels in tissue type is the consistent exposure that epithelial tissues get to exogenous
oxidants, such as pollutants and environmental organisms, while the brain is highly
susceptible to damage and may require additional oxidative-stress sensing ability
relative to other organs. Meanwhile, heart has abundances of resting metabolic
activity relative to other organs, and the SKM has increased metabolic activity during
any non-resting phase, meaning that heightened sensitivity to oxidative stress would
result in a constant negative feedback loop

164.

In Figure 5-2, the data is assembled to visualize the difference between stressinduced proteins and constitutively expressed proteins that contain significant
oxidation events. This is especially of interest for the Hsp70 proteins, which constitute
a more dedicated ‘stress-induced’ category. There are only thirteen individual
oxidation events in stress-induced proteins, making them the clear minority to events
in constitutively expressed proteins. This suggests that constitutive proteins require,
or are at least susceptible to, modification by stress. The increased modification likely
is a result of more stringent and tunable regulation, allowing the behaviors and
effectiveness of proteins present at relatively higher concentrations to adapt more
flexibly to environmental injury. Stress-induced proteins are by definition more
present in an antagonistic environment, and susceptibility to that environment may
negate the behaviors that rectify the injury itself. Thus, a nullification of that regulation
may be more evolutionarily advantageous as the stress-induced proteins are not part
of the negative feedback loop brought on by the oxidative challenge. This allows the
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constitutive Hsp70 proteins to enable the protective ‘holdase’ behavior in the face of
potential injury, while the non-susceptible stress-induced proteins compensate for the
necessary ‘foldase’ behavior.
Additionally, I explored the structural impact of oxidation events by examining
in which domain the event occurred (Figure 5-3). Due to the very similar structures of
Hsp70s and Hsp110s (30-33% sequence similarity

165),

I could define the events in

the same categories of nucleotide binding domain (NBD), substrate binding domain
alpha (SBD), and substrate binding domain beta, (SBD). I found that the categories
were nearly split equally, which was interesting in reference to my own data, given
that all three cysteines of Ssa1 are located in the NBD. However, in mice chaperone
proteins, there is a large occurrence of SBD-localized cysteines, and they are shown
to be widely susceptible to oxidative modification in the OxiMouse model. My work in
Ssa1 showed a behavior modification brought on by oxidative stress that altered the
relationship between Ssa1 and nucleotide, which also shifted the behavioral and
conformational aspects of Ssa1 through allosteric shifts. Interestingly, this OxiMouse
data suggests that modification, and thus likely regulation, can affect both the intraprotein focused domain (NBD) and the inter-protein focused domain (SBD), likely
affecting both to some extent through allostery, as was seen in Ssa1. Directly
affecting the cysteines within the substrate binding domain may not only cause
conformational shifts that echo throughout the protein, but also may cause a direct
steric barrier to substrate proteins that are attempting to bind. Elevated oxidation
states of cysteine were mirrored by the Sevier lab by more sterically imposing amino
acid substitutes, and were referred to as ‘bulky substitutions’, due to their space-filling
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and conformation shifting characteristics

111.

The nearly equal spread of NBD and

SBD oxidation events seen in the OxiMouse model suggest that a direct steric
hinderance within either domain may be one method of regulating chaperone function
when faced with an oxidative challenge.
Altogether, this database exploration yielded a number of parallels to my own
work and serves to further elaborate on the role that cysteine modification plays in
the oxidative stress response.
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Chapter VI: Discussion and Future Directions

Note: Portions of this section were originally published in Experimental Cell
Research. Santiago A, Goncalves, D., Morano KA. Mechanisms of sensing and
response to proteotoxic stress. Exp Cell Research. 2020 Oct 15:395:2.
https://doi.org/10.1016/j.yexcr.2020.112240. Elsevier does not require permission to
use published materials in one’s dissertation:
https://www.elsevier.com/about/policies/copyright/permissions.
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Summary of Results

In these explorations, I report in detail the functional ramifications of oxidation
of two key cysteines in Ssa1 shown prior to be necessary for stimulation of the HSR
by thiol-reactive molecules, using both genetic and chemical strategies. Data analysis
of isolated proteins showed that Ssa1-2CD, but not the Ssa1-2CS mutant, is deficient
or the binding of ATP and subsequent hydrolysis, plus ATP-dependent folding of
proteins. Similar consequences were seen after treatment of wild type Ssa1 protein
with hydrogen peroxide, corroborating the usefulness of the aspartic acid substitution
to mimic the sulfinic acid moiety of the thiol group within the cysteine, post-oxidation.
Of interest, the cysteine nullification substitution to serine (Ssa1-2CS) was nonreactive when exposed to hydrogen peroxide at concentrations that reduced Ssa1
enzymatic activity in vitro. I have thus determined that cysteines 264 and 303 are
solely responsible for the documented behaviors in vitro and in vivo, given our
experimental conditions. Along with these two Ssa1 cysteines which are found on
lobe IIB in the nucleotide binding domain, a third cysteine residue is conserved in
most Hsp70 homologs buried further within the nucleotide binding cleft (C15 in Ssa1).
Our data posits that C15 is not a vulnerable site of oxidation within Ssa1. This finding
is at odds with previous findings from the Sevier laboratory in which C63 of the ERlocalized Hsp70 Kar2/BiP was shown to be susceptible to oxidation 166. Yet, both the
S. cerevisiae Hsp70 Kar2 and the mammalian Hsp70 BiP lack homologous cysteines
264 and 303, adding complexity to a direct comparison. Of note, all three cysteines
are susceptible to reactivity with the alkylating compound N-ethylmaleimide (NEM);
NEM-Ssa1 also demonstrated an identical array range of functional deficiencies as
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our oxidomimetic substitute and peroxide-treated Ssa1

123.

NEM-treated Ssa1

exhibited modified trypsinization profiles and intrinsic tryptophan fluorescence that
indicates structural changes in the NBD

124.

In human Hsc70, it was reported that

modification of nucleotide pocket-facing C17 sterically shifted a catalytic magnesium
ion that is necessary for nucleotide hydrolysis by increasing the separation of that
magnesium from several coinciding residues

109.

These reported data are also

consistent with prior results that the dye compound methylene blue oxidizes cysteines
267 and 306 in the stress-inducible human Hsp70, resulting in deficient ATP binding
and hydrolysis

90.

in silico modeling from the same published work explained that

oxidation occurs in a step-wise fashion, where C306, residing on the outer surface of
lobe IIB of the NBD, is primarily oxidized, leading to a conformational shift that
displaces the inner lobe cysteine, C267, into a solvent-exposed cleft. This structural
shift is noted to increase both accessibility and reactivity of the thiolate anion of
cysteine 267 and concurrently disfigure the full NBD, reducing nucleotide binding
affinity and downstream enzymatic activities. This model is parallel and sound with a
previously reported study from our lab that demonstrated the reaction of C264 in Ssa1
with a 4-hydroxynonenal alkyne and subsequent derivatization via click chemistry that
was lost in a C303S mutant 89.
I also demonstrated that inclusion of Ssa1-2CD prevented functional firefly
luciferase refolding by Ssa1. These data are cohesive with prior reports that NEMSsa1 similarly prevented Ssa1-dependent folding but not the propensity to prevent
aggregation of misfolded protein. Indeed, oxidation, alkylation, or substitution with a
bulky side chain residue of C63 in Kar2 significantly promotes the “holdase” function
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of that Hsp70

166.

These data are all consistent with a model wherein oxidation

disrupts functional allosteric signaling between the NBD and SBD but does not affect,
and might even promote, polypeptide binding by the SBD, resulting in competition for
binding to Hsp70 and preventing functionally positive folding reactions. Such a model
would help explain the toxic growth phenotypes I saw upon expression of ssa1-2CD
in yeast that still expressed the inducible SSA isoforms Ssa3 and Ssa4. Additionally,
this model also substantiates a mechanism by which oxidation of only a select percent
of the greatly abundant population of Ssa1 and Ssa2 could have negative effects on
cell functions and growth, as it is not very likely that short term exposure to oxidants
would alter the majority of present Hsp70. In contrast to the findings of Wang and
colleagues, wherein oxidized Kar2 makes cells hyper-resistant to oxidative stress, I
concluded with no determination of any gain of function phenotypes in the ssa1-2CD
strain

166.

However, it is crucial to note that our Ssa1-2CD substitution mimics the

predominantly irreversible sulfinic acid thiol moiety, and reversibility has been shown
to be a key determinant for oxidative regulation, as abundant oxidative stress
inactivates ATP-dependent chaperones167,168.
As shown by substitution with serine or alanine residues, cysteines 264 and
303 in Ssa1 are not crucial for sustaining growth at elevated temperatures, as C63 in
Kar2/BiP appears to be

166.

However, the two cysteines are crucial for promotion of

stress responses and cytoprotection by cells exposed to exogenously added oxidants
89,166.

This line of inquiry and data indicates a residue that has been evolutionarily

conserved to identify and respond to an oxidative imbalance. The reversibility of
cysteine modification is fundamentally important as a signal, allowing the chaperones
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that have signal-responsive cysteines to transition between conformations of variable
purpose, with the added participation of redox management systems, like the
thioredoxin and glutathione pathways 169. A fundamental example of the usefulness
of Ssa1 cysteines as a sensor is the transient stimulation of the HSR upon exposure
to alkylating or oxidizing agents. As yeast Hsf1 does not have cysteines, it is not able
to elicit a response to such environmental situations, whereas human HSF1 contains
several cysteines that are directly modified to activate the HSR and promote
proteostasis

107.

C264/C303 of Ssa1 therefore have an directly analogous position,

acting as an oxidative sensor in yeast through the recently reported repression of
Hsf1 directly by the chaperone protein.
This work is now able to draw a connecting line between these two models by
demonstrating that Ssa1-2CD is unable to bind either previously described site on
Hsf1 in vivo, creating a chronically stimulated heat shock response. Of note, Ssa3/4
do not possess the cysteine contained in the outer facing lobe IIB, C303, and only
contain cysteine C264, which faces the binding pocket. In agreement with the in silico
model, this decreases the susceptibility of Ssa3/4 to oxidation, which I propose is
advantageous in the face of oxidative stressors. Ssa3/4 are maintained at much lower
concentrations in relation to Ssa1/2, but are induced to elevated levels in times of
abundant stress exposure

44.

Interestingly, the alignment of several homologous

yeast Hsp70s showed that the mitochondrial matrix-localized Ssc1 does not contain
any of the three critical cysteine residues, which our data suggests may increase the
resistance to cysteine-based oxidative sensing and modulation (Figure 6-1).
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A.

Figure 6-1: Yeast Hsp70 cysteine alignment (A) A schematic depicting the
absence (-) or presence (*) of the respective cysteines C15, C264, and C303 within
the indicated yeast Hsp70 proteins.
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Correspondingly, the matrix NEF Mge1, which does contain cysteines,
appears to instead function as a sensor of oxidative stress within the mitochondria
170–172.

Re-addressing the concept of HSR regulation, I therefore imagine a situation

whereby oxidative stress exposure activates Ssa1, freeing Hsf1 to activate the heat
shock response, and ensuring compensatory chaperone action by the upregulation
of Ssa3/4 (Figure 6-2). These two inducible Ssa chaperones can then either directly
interact with the same sites on Hsf1 to attenuate the HSR, or free Ssa1 to do so, and
have the additional positive characteristic of invulnerability to the present oxidative
damage/signaling. This Ssa-mediated relay is highly important for oxidative sensing
in yeast, as the yeast Hsf1 contains no cysteines and is thus unable to respond in the
same manner. However, even in elevated stress states, the expression of Ssa3/4
(50,000 molecules per cell) is dwarfed by the presence of Ssa1 (150,000 molecules
per cell. From a stoichiometric perspective, we must primarily address the potential
reduction of oxidized Ssa1 as a means to manage oxidative stress. There are several
means of cysteine reduction that may affect Hsp70s, including the thioredoxins Trx1
and Trx2 acting directly on oxidized cysteines or as mediators of GSSP reduction
after glutathione modification

173.

Additionally, chelating agents such as cadmium

and lead can be removed through interaction with reduced glutathione, where they
are then localized to the vacuole and eliminated 174,175. The balance of reduced versus
oxidized glutathione is an important indicator of oxidative balance, and during times
of imbalance, the pool of reduced glutathione may be depleted, leaving Hsp70
proteins more susceptible to modification by general stressors.
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A.

Figure 6-2: Thiol dependent regulation by Hsp70 and Hsf1 (A) A model depicting
the consequences of oxidative stress and the subsequent regulation of the heat shock
response by Hsf1 and Hsp70 proteins. Oxidative stress causes modification of
cysteines within the Hsf1-repressor Ssa1, inducing release of Hsf1 and expression of
the heat shock response. The inducible Ssa3 and Ssa4, which do not contain the
relevant cysteines and are upregulated by the indicated heat shock response,
alleviate the proteotoxic stress by compensating for the proteostatic duties of the
nullified Ssa1. Reduction of stress eventually allows the reduction of Ssa1, which
returns to Hsf1 repression and negates the heat shock response.
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Experimentally, my inability to recover significant amounts of exogenously
oxidized Ssa1 after treatment with DTT (Figure 3-7D) demonstrates that excessive
oxidation may result in a pool of Ssa1 that is functionally irreparable, lowering the
total population of Ssa1 in the cell that participates fully in active stress management.
In this scenario, the stress-induced Ssa3 and Ssa4 may play an important role in
replenishing the pool of active Hsp70 proteins, and that their proposed inability to
respond to oxidative stress to the same extent as Ssa1 due to their lack of C264 may
compensate for functions such as protection and folding assistance of polypeptides,
misfolded protein refolding, and assisting in the process of degradation.
Parallels can be drawn between stress management systems when
considering the KEAP/Nrf2 defense system, the Yap1-controlled oxidative stress
response, and my findings of lessened Hsf1 interaction by the 2CD mutant. The
KEAP protein forms part of an E3 ubiquitin ligase, interacting directly with the
transcription factor Nrf2 to ensure its degradation under non-stressed conditions

104.

In the event of oxidative or nucleophilic stress, sensor cysteines within the KEAP
protein are modified, causing conformational shift. This allows Nrf2 to escape
ubiquitination by KEAP, translocate into the nucleus, and initiate activation of stress
response genes

176.

The response is then attenuated after stress, closing the

activation loop in a manner that is strikingly similar to the Ssa1-dependent model of
thiol activation that I have outlined through my work. Like KEAP, Ssa1 prevents the
activation of genes under control of a stress-induced transcription factor under basal
conditions. If oxidative or nucleophilic stress is then sensed by cysteines in either
Ssa1 or KEAP, each protein then undergoes changes which lessen the ability to
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repress the action of the indicated transcription factor, subsequently allowing for
activation of the stress-response genes under the control of that transcription factor.
Another parallel, while operating more independently, is the activation of Yap1.
Several cysteines within Yap1 sense various stressors in the cytosol, resulting in
single thiol modification and disulfide bond formation within Yap1. These changes
result in a rapid localization of Yap1 to the nucleus, where it promotes the activation
of a host of oxidative stress response genes

101.

The modification of the cysteines

within the Ssa1 protein likely requires reduction of the affected thiols before the
attenuation of Hsf1 activation by the affected Ssa1 molecules. Similarly, Yap1
requires reduction of the modified thiols before it can interact with Crm1, the protein
responsible for ejecting Yap1 from the nucleus

74.

Without the nullification of the

oxidative environment that results in Yap1 cysteine reduction, Yap1 remains in the
nucleus and continues to promote the stress response genes it controls. The similarity
between these stress responses and the thiol-dependent activation of regulatory
proteins within them highlights the cells’ ability to enact a multifactorial defense
against stresses, which have various degrees of crossover.
I determined that several aspects of Ssa1 behavior are impaired in the ssa12CD strain. Since it would not be possible to deconstruct the pleiotropic effects of
treating entire cells with exogenous oxidants, a genetic approach utilizing the
oxidomimetic substitution was our primary tactic to elucidating the functional
consequences of cysteine modification within the Ssa proteins. I revealed significantly
reduced abilities in de novo protein folding, the extraction of incorrectly proteins from
aggregates and the degradation of chronically misfolded substrates – all critical
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aspects of protein homeostasis. As a whole, these phenotypes are likely to culminate
in the drastically slowed growth rate of the ssa1-2CD mutant, its inability to promote
growth as the sole SSA isoform and the abundance of gene reversion when utilizing
a plasmid shuffle strategy. My results are consistent with and build upon prior results
which demonstrate that an oxidomimetic allele of Hsp72 was not able to promote tau
stabilization in human HeLaC3 cells

90.

Importantly, increased expression of Ssa3/4

via stimulation of the heat shock response is not able to re-enable proteostasis in the
ssa1-2CD strain but is necessary to allow viability. Thus, there is the possibility that
the ssa1-2CD mutant may be fully deficient in promoting the folding of proteins and
the degradation of non-functional substrates within the proteome, but that a lesser
yet still acceptable maintenance of proteostasis is maintained by Ssa3/4. In
conclusion this work serves to elucidate the functional repercussions of irreversibly
oxidized Ssa1 protein, and a broad mechanism of action for the deficiency linked to
the relationship with nucleotide.
In the explorations of the OxiMouse database, I evaluated several methods of
investigation regarding the oxidation of Hsp70 and Hsp110 protein cysteines. Given
the similarities between Hsp70 and Hsp110 structures, there was a surprisingly wide
variance in the amount of cysteine oxidation events for each tissue type. In the liver,
there was a higher level of Hsp110 events (6) than Hsp70 events (5), whereas in the
kidney, only a single Hsp110 event occurred, compared to five Hsp70 events.
However, this research is exploring oxidation events as a consequence of aging, and
each event is a comparison between the tissues of aged mice versus younger mice,
defined as a minimum 1.5x-fold increase in oxidation of a particular cysteine site.
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Thus, we must maintain that these cysteines may be playing an important role in both
tissue samples, it is only that the extent of variation is not a consequence of age. We
can also draw inverse conclusions from the same data, whereby cysteine regulation
of Hsp110s may not be a primary means of managing, responding to, or sensing
oxidative stress in the kidney. This is important to know, since it has been shown that
oxidative stress increases and enzymatic activity decreases in both kidney and liver
tissue as aging occurs

177–179.

The increased oxidation in these tissues may be tied

to a decrease in several oxidative management proteins, such as superoxide
dismutase proteins and catalase proteins 180. Given that both tissue types experience
increased oxidative dysregulation but have variable levels of Hsp110 cysteine
regulation, this suggests that the cysteines in question are more relevant in one tissue
type than another, and it may be beneficial to future studies to determine what that
variance may be.

Additional explorations concerning Hsp70 and oxidative stress

Further work is required to fully understand the consequences of oxidative
stress on cell and tissue proteostasis as it relates to human health. Many industrial
pollutants are oxidants or thiol-reactive molecules ( e.g., heavy metals, acroleins) 181.
Cigarette smoke contains a wide range of thiol-reactive compounds that are known
to deplete cellular glutathione levels

182

Accumulation of oxidative damage is widely

considered to be a key driver of aging, potentially linked to endogenous ROS
generated via mitochondrial dysfunction. Indeed, oxidation of a methionine residue in
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the mitochondrial Mge1 protein, a cofactor of mitochondrial matrix Hsp70, inhibits
protein translocation into the organelle resulting in oxidant hypersensitivity 170. Recent
work has systematically explored the relevancy of Hsp70s in several organisms,
through several tissue types, and in many disease and lifestyle behaviors.
Copper nanoparticles are used in many widespread consumer products, such
as semiconductors, sensors, antimicrobial agents, and converters. The leaching of
toxic metal by-products from industrial waste sites into agricultural and watershed
sites is a growing concern for technological waste management and public health 183.
In Drosophila melanogaster, it was found that copper nanoparticles had broad impact
on several consecutive generations of flies, with dose-dependent mutagenic effects
that include reduced progeny, wing deformation, and increased stress indicators

184.

The treatment of young flies with copper nanoparticles was also shown to drastically
reduce the concentration of antioxidants available in offspring flies, as well as to
increase the expression of Hsp70 genes and decrease the expression of superoxide
dismutase SOD2 184. These results underline the impact of heavy metals as oxidative
stressors and the physical impairments that can results from over-exposure.
Similarly, the heavy metal manganese has also been explored for the negative
environmental and health impacts due to over-exposure. Manganese is an essential
trace metal, but has the propensity to accumulate in several brain regions and
negatively impact neurobehavioral function

185.

Studies in rats found that there are

several sex-dependent neurotoxic effects from manganese toxicity that directly
involve oxidative stress and heat shock proteins

186.

Post-exposure, male rats were

found to have a significant loss in body weight, while female rats did not. This is
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important for oxidative balance, as weight loss by inhibition of appetite and muscle
mass loss has been tied to oxidative stress 187. The researchers also found that while
there was global upregulation of Hsp70 and Nrf2 throughout test subjects, there were
distinct sex and brain region differences. In the cortex, upregulated Hsp70 and Nrf2
were only seen in females, while in the striatum, Hsp70 and Nrf2 were only
upregulated in males at low doses, despite the metal accumulation being the same
186.

These two results together establish a wide spectrum of metals that can result in

harmful organismal effects, with direct ties to oxidative stress.
Aging is heavily correlated with oxidative stress, as the concentration of
reactive oxygen species steadily increases in an organism over time

95.

Similarly, as

noted above, age and oxidative stress are both compounding factors for
neurodegenerative disease. However, several other physical and disease states are
affected by aging and oxidative stress, including vascular structural systems and
diabetes. Concentrations of the 13 members of the Hsp70 family in humans have
emerged as significant biomarkers for the study of biological aging, as reduced
concentrations of Hsp70 have been strongly correlated with progressive aging

188.

Though it is only newly emerging as having a prominent role in vascular health, Hsp70
is currently being explored for its role in arterial function. Oliveira, et. al, recently found
that the ability to produce a vascular response in mice is associated with the levels of
Hsp70

189.

Using phenylephrine to stimulate vascular response (localized blood

pressure increase due to vascular resistance), the researchers found that middleaged aortic tissues were less able to produce a response, and that the phenotype
could be mimicked using an Hsp70-inhibitor in younger tissues, showing an age-
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dependent change in tissue response that could be reproduced by Hsp70 inhibition.
There was also a significantly reduced concentration of Hsp70 proteins in aged
vascular tissue. Additionally, the researchers found an abundance of oxidative stress
in middle-aged aortic tissues that my work suggests could be additionally altering the
functionality of the already lowered levels of Hsp70 available.
Directly adjacent to the above-mentioned copper nanoparticle research,
Garafolo et. al, explored the link between Hsp70 and superoxide dismutase in the
neurodegenerative disease amyotrophic lateral sclerosis (ALS)

190.

Superoxide

dismutases are metalloproteins that function as antioxidants, and SOD mutations
often result in DNA damage and mitochondrial dysfunctions

191.

In humans, SOD1

presence in the nucleus offers a protective advantage against the consequences of
ALS. While the fly research did not extend into localization of the dismutase, Garafolo
et. al has shown that differential gene expression patterns emerge when patients are
categorized into the respective “high-SOD and low-SOD” groups. In summary,
elevated levels of Hsp70 were shown to increase nuclear SOD1, and resulted in
decreased DNA damage, even in elevated oxidative stress environments. Several
pathways related to the heat shock response and the function of Hsp70 were also
significantly altered in cells expressing high-vs-low SOD, suggesting a widely
interconnecting network between antioxidant protein localization, oxidative stress
imbalance, and Hsp70 presence 190.
The link between oxidative stress, the heat shock response, and Hsp70
function is an increasingly well studied relationship. The hyperglycemia that is a
hallmark of diabetes mellitus 2 (DM2) induces an increase in free radical
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concentration

192.

It has also been found that increased manganese in serum is an

increased risk factor for DM2, relating research across fields to the paper mentioned
above

193.

In a recent review, Hirsch, et. al demonstrated several interesting links

between Hsp70 proteins, oxidative stress, and DM2

194.

Of note, they summarized

distinctions between intracellular Hsp70 (iHsp70) and extracellular Hsp70 (eHsp70).
In DM2, tissue specificity plays a strong role in Hsp70 dispersion for DM2 patients.
Specifically, general eHsp70 is increased, while iHsp70 is decreased, in liver, skeletal
muscle tissue and adipose tissue

195.

Interestingly, eHsp70 resulted in an increased

expression of inflammatory cytokines in DM2 patients, suggesting a negative
consequence for the extracellular abundance

196.

Overall, this relationship between

intra-vs-extracellular Hsp70 is growing in usage as an effective biomarker to calculate
the progression of DM2 197. The compounding of this work serves to elaborate on the
complexity of oxidative stress through several human disease, and the implications
of a dysregulated stress-management system that has both positive and negative
consequences.
Of a more behavior-oriented note, the link between Hsp70s and oxidative
stress has also been explored through the lens of professional divers. Simulated
dives cause induction of the heat shock response, as heat shock proteins have a
protective effect against bubble formation during decompression. Researchers found
that there is a direct relationship between the intensity of oxidative stress during the
dive and the concentration of Hsp70 proteins

198.

Serum levels of Hsp70 were lower

after dives, but interestingly, Hsp90 was elevated.

144

Overall, oxidation and the impact of the Hsp70 protein and heat shock network
continue to be expanded and explored by researchers. There are many facets to
explore, ever-widening between many niches and categories, including multiple
organisms, disease states, behavioral changes, and sex-linkage. However, there
seems to be an undercurrent of connection between oxidative stress and modulation
of the Hsp70 protein itself.

Hsp70 modulation as a therapeutic tool

The modulation of heat shock proteins as both a target and a tool has recently
garnered a substantial amount of interest from researchers. Understanding the role
of chaperones in disease states provides insight into how to navigate the disease as
a whole, using chaperone modulation as a lever to alter the path of treatment. Hsp70
proteins specifically have been examined for their roles as both actively expressed
therapeutics and as targets of inhibitors, through a multitude of human diseases.
Here, I will explore a few interesting examples that tie together oxidative stress,
disease, and Hsp70 modulation as a therapeutic.
While there are several concerns about off-target action and the broadness of
chaperone influence, Hsp70 is currently being investigated as a directly expressed
therapeutic agent. In mice that were expressing cofilin-actin, rods were formed in
neuronal dendrites and axons that were covalently linked aggregates, often leading
to stroke. Transgenic expression of the inducible Hsp70 protein, while undergoing
simultaneous hypothermic conditions, greatly reduced the cofilin-actin rod size in
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mice, while also improving neurological outcomes and reduced stroke-related lesion
size 199. In NSC34 cells and ischemic rabbits, transgenically expressed, brain barriercrossing Tat-HSP70 was shown to be a promising lead for a therapeutic agent

200.

When undergoing neuronal stress, NSC34 cells experience simultaneous elevated
oxidative stress. Transduced Tat-HSP70 in NSC34 cells significantly reduced both
intracellular reactive oxygen species concentration and cell death induced by
hydrogen peroxide. Additionally, the administration of Tat-HSP70 into the spinal cord
of ischemic rabbits significantly reduced lipid peroxidation and increased Cu, Znsuperoxide dismutase activities, reducing oxidative stress

200.

In rat glioblastoma

cells, researchers were able to pharmacologically upregulate and downregulate
Hsp70 expression using echinochrome and triptolide. When Hsp70 concentration
was increased, the glioblastoma cells decreased the amount of GAPDH aggregates
formed in the cell, which is a formation caused by abundant oxidative stress. When
the Hsp70 concentration was decreased, GAPDH aggregations increased

201.

Similarly, down-regulated Hsp70 concentration in Burkitt’s lymphoma Raji cells
blocked the JAK2/STAT3 signaling pathway, inhibiting proliferation, inducing cellcycle arrest, and promoted oxidative stress and apoptosis of the cancerous cells

202.

When Hsp70 expression was increased in brain tissue, insulin sensitivity and
glycemic activity was restored in DM2-model mice

203.

These findings serve as

examples of how Hsp70 can act as a direct modulator of disease though cellular
concentration increase. However, there are several concerns about off-target effects
that have to be explored before we see a clinical full-Hsp70 disease treatment.

146

The ability to indirectly utilize Hsp70 helps to reduce the off-target effects that
chaperones can induce in a cell while also benefiting from its central role in many
diseases. Similar to the above-mentioned diabetes mellitus 2 link, Hsp70 is also a
prospective biomarker for myocardial ischemia, with extracellular eHsp70 acting as a
pro-inflammatory mediator, and intracellular iHsp70 working as an anti-inflammatory
mediator. Several avenues of pre-and post-conditioning of Hsp70 proteins are
promising treatment options being studied for those at risk and those that have been
the subject of ischemic cardiac attack 204. Some very interesting methods include hot
tub treatment and sauna treatment to regularly increase the load of heat shock
proteins in cells

203.

Several methods of inducing Hsp70 localization intent on

increasing iHsp70 in sepsis patients are also being explored, as sepsis overloads the
concentration of eHsp70 in sepsis patients

205.

Adjuvant treatments are also being

produced to assist the already present Hsp70 population in disease management.
For example, the compound allicin, found in garlic, is shown to increase the
neuroprotective effect of Hsp70s during oxidative/inflammatory injury through
modulation of the counterbalance between Hsp70 and the inducible nitric oxide
synthase

206.

Hsp70s are also being considered as a component of the whole heat

shock protein network, with modulators intricately affecting multiple protein players of
the heat shock response 207. In summary, there are many exciting explorations being
made into Hsp70 as it relates to disease, oxidative stress, and signal pathways. Direct
or indirect modulation of Hsp70 concentration and function are sure to be beneficial
to patients with a long list of ailments and several promising technologies are already
becoming well-received in clinical trials.
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Future Directions

To conclude, this dissertation examined and quantified the effects of thiol
modification, through both exogenous and mimicked oxidation, of the cysteines C264
and C303 within the yeast Hsp70 chaperone protein Ssa1. I found that there are
several functional modifications, including reduced ability to correctly fold
polypeptides de novo, to refold misfolded proteins, and to fully degrade chronically
misfolded proteins. These deficiencies appear to stem from an altered relationship
with nucleotide, as deduced by a lowered ability of oxidized and oxidization-mimic
Ssa1 to bind and hydrolyze ATP, a critical facet of ATPase chaperone behavior.
Hopefully, my work will lay a strong foundation to continue studying the role of
oxidative stress response and sensing by Hsp70 proteins.
An immediate future goal is to deduce the evolutionary benefit of reduced
proteostatic capacity as a downstream consequence of oxidative stress sensing.
Previous work from the Morano laboratory suggested that the inhibition of Hsp70
through oxidative stress increases the capacity of heat shock resistance 89. However,
the benefit of this response has yet to be fully quantified. Determining how oxidative
stress may improve cellular survival against injury through Hsp70 mediation is very
important for determining the evolutionary advantage of Ssa1 to retain reactive
cysteines in a very conserved protein family, especially since the Ssa1-2CS serine
substitution mutant performed equally to wild type Ssa1. One clue may be to the lack
of cysteines in the inducible family members, which has been touched on in the
discussion for chapter 4. It is also unclear why deficiencies in degradation are
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subjective, depending on substrate identity. As corroborated by the Hampton lab,
Ssa1-mediated degradation does not extend to all substrates 132. I also found that the
substrate GFPNLS-VHL not subjected to a variance in degradation in a ssa1ssa2
deletion mutant. However, oxidation did affect degradation when the Hsp70dependence was present, which suggests that oxidation may only affect substrates
with particular characteristics. Determining those characteristics and extrapolating
them to characteristics of disease would be very beneficial to determining which
diseases Hsp70 treatment may pertain to more.
More translationally, it is of great interest to determine which of the 13 human
Hsp70 proteins share characteristics of cysteine oxidation with Ssa1, whereby
particular proteostatic behaviors of those proteins are significantly altered in the same
manner as noted above. Hsp70s have differing profiles based on tissue type,
inducibility, and intra/extracellularity. Drawing comparisons between specific human
Hsp70s and the altered function caused by oxidative modification within Ssa1 could
give insight as to which diseases may be more heavily impacted by oxidative stress,
such that they require the same sensing ability and behavioral alterations for resident
Hsp70s.
A broad range study on the interactions between Hsp70s that have undergone
cysteine modification and the relevant co-chaperones would also be very beneficial.
The trypsinization experiments suggest a conformational shift (which may be
benefitted from additional study as well, such as through fluorescent anisotropy). The
altered protein shape may also alter the relationship to co-chaperones, such as
Hsp110, Hsp40, and Hsp90. More dedicated assays to refine that relationship post-
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oxidation would add an understanding of the complexities for the entire system. The
Robetta modeling software was used by the Gestwicki lab to determine residue shifts
in the inducible human Hsp70, as discussed above

90.

In recent years, many

advancements have been made in the use of software to model proteins and to
modify the model protein sequences to determine how modification affects the shape
of the protein structure and potential interactions with other residues and cofactors.
Most notably, the use of AlphaFold 2 has vastly broadened the capability of what
researchers can explore with three-dimensional predictive protein modeling.
AlphaFold uses many layers of mathematical modeling to give structure to protein
sequences, including the forces of attraction and repulsion that are at play in the
compositional amino acids 208. There is also a newly updated homology modeling tool
called SWISS-MODEL, which allows for imposing several sequences at once to
determine structural changes 209. This tool can be useful for superimposing the Ssa1
protein with several types of amino acid substitutions that mimic cysteine modification
and the resulting shift in the nucleotide binding domain structure that occurs following
each substitution. Tryptophan, aspartic acid, and phenylalanine have all been used
as substitutional mimics of modified cysteine within Hsp70s, and the SWISS-MODEL
tool would be extremely effective at determining how each substitution affected the
structure of the NBD 89,109,111. Beyond modeling, it is also key to determine orthogonal
tests measuring ATP stabilization by various mutants or treated protein isolates. One
method of doing so is through the differential radial capillary action of ligand assay
(DraCALA), which uses nitrocellulose spotting to determine dissociation constants,
and has been employed before for quantifying the Kd of an Hsp70 NBD/ATP
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interaction

109.

Fluorescence anisotropy, which measures the kinetics of a reaction

that cause a rotational change in molecular structure, would be valuable in furthering
the initial findings of my trypsinization experiment, which showed a difference in
degradation profile of the 2CD mutant when incubated with ATP compared to the WT
and 2CS mutants. Fluorescence anisotropy would be able to determine with higher
resolution what conformational changes are occurring in the nucleotide binding
domain after incubation with various nucleotides. These explorations may give
valuable clues as to the potential loss of stabilization of nucleotide, loss of critical
cofactors, or steric changes that weaken the ability of amino acids to interact with
each other or with the phosphates of ATP.
I am also excited to see the advancements in therapeutics involving direct
Hsp70 expression in cells. With the cysteine-to-serine mutants being shown to be
impervious to specific oxidative injury, I am curious to see whether they may play a
role in complementing chaperone function in an oxidative environment, for an array
of treatments.
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